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Summary 

X-Ray absorption (XRA) is a technique that can be used todetermine temperature profiles of HID 

lamps. Lamps with cylindrical burners are positioned vertical and radial temperature profiles of the 

lamps are reconstructed by using an Abel inversion technique. However, the experimental XRA 

set-up at the faculty of Applied Physics of the TU/e has still some difficulties and problems. 

Reconstructed temperatures obtained by experiments on this set-up in combination with the 

currently available data handling procedures, are significantly lower than results obtained by others 

and by other techniques. 

During this study, two paths are foliowed in order to bring to light and unravel some of the error 

sources. 

1. The measurement procedure and properties of the set-up are put in a model, by which we 

are able to sim u late XRA experiments. 

2. A new test-lamp has been developed. Due to the special geometry of this lamp, radial as 

wellas axial measurements, could be performed. Axial measurements do notneedan Abel 

inversion procedure. 

Several simulations and experiments have been performed. lt turns out that large deviations from 

the original axis temperatures occur due to several reasons. The reconstructed axis temperature 

appears to vary due to very smal! variations in burner dimensions, camera resolution, a systematic 

background signa! (of unknown origin), and camera noise. Based on the simulations and 

experiments, it is recommended in practical experiments to position the lamp as far as possible 

trom the detector in order to use the maximum spatial resolution. Moreover it is recommended to 

investigate what is the reason behind the systematic background signa! that is present in the 

measured absorption profiles. 
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1 Introduetion 

This report is the result of my graduation project, performed at Philips Lighting - Central 

Development Lighting (COL), between May 2005 and March 2006. The subject is about X-Ray 

absorption measurements on HID lamps. The experimental setup I used for the research is 

situated at the faculty of Applied Physics of the Eindhoven University of Technology (TU/e) and is 

property of the group of Elementary Processes in Gas discharges (EPG). 

1.1 History and motive 
Between 1941 and 1950, Kenty & Karash [4, 22] performed extensive research on X-Ray 

absorption (XRA) on the mercury are. This was based on earlier XRA measurements by V on Engel 

and Steenbeek in 1931 on the carbon are in air. Kenty used a cylindrical burner where the are was 

run horizontally. The are was confined in the axial direction by a magnetic field. He also used 

several turnaces to control the temperature, which determines the mercury pressure inside the 

burner. By camparing the emergent X-Ray intensity through the are with the intensity through a 

heated cell where the uniform mercury density is known trom the coldest spot temperature, Kenty 

finally [4] concluded an axis temperature of (6600±200) K. 

lnspired by these experiments on a steady burning high pressure mercury lamp, Kramer, Fohl and 

Lester [6] published results of their X-Ray absorption measurements on vertical burning HID-Iamps 

during warm-up and cool-down phases. Main advantage of experiments during the cool-down 

stage was the independenee of disturbing effects like are bowing at the electrodes. They measured 

time dependent mercury densities in several HID-Iamps in a synchrotron setup. 

In 2001, Curry, Adler, Sakai and Lawler [5, 23] have built an XRA setup and performed absorption 

and fluorescence measurements to obtain density pictures over the whole burner, which was made 

of PCA with an outer envelope of quartz. Radial density profiles were constructed using an Abel 

inversion technique on the collected lateral data. By using the ideal gas law, the relative 

temperature distribution is coupled with the relative density profile, which was obtained from the 

XRA measurements. An independently measured axis temperature at a given axial position was 

used to scale the relative to an absolute temperature profile. The axis temperature was determined 

by an optical emission measurement of the core temperature. In later publications trom these 

authors [19, 21] the same procedure has been used. To achieve a better sensitivity, especially 

near the wall, and perfarm time-resolved measurements, Curry performed also tests on a 

synchrotron setup [20]. 

More recently, between 2001 and 2005, Zhu [1] developed several tools to study the plasma 

properties inside HID lamps. For temperature measurements, the Thomson Scattering (TS) and 

the X-Ray absorption methad are mentioned. The TS technique gives insight in the electron 

temperature and density, while XRA is used to determine the gas temperature. To construct 
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absolute temperature profiles from the measured and Abel-inverted XRA data, Zhu used wall 

temperature measurements as a reference. 

Measurements of the electron and gas temperature can be used to validate the assumption of 
Local Thermadynamie Equilibrium (L TE) in HID lamps. L TE is an important assumption in high

pressure lamps, because it implies that only one temperature field is needed to describe system 

properties like chemica! composition, radiation generation and transport processes [2]. 

The axis temperature of an HID lamp with a filling of 15 mg pure mercury measured by Zhu is 

4153K. This temperature is substantially lower, compared to earlier results by Kenty [4]. Since 

then, there is an ongoing discussion about the origin of the differences in measurement results 

obtained by XRA. Also more recent results published by Curry [21] show higher axis temperatures 

then the ones obtained by Zhu (partially due to the fact that Curry used optical techniques to 

calibrate the axis temperature rather than the wall temperature). The discrepancy between Zhu's 
XRA results on the one hand and results by others on the other hand, was the main motive for 

starting this research project. 

Aim of this project 
So therefore the goal of this graduation project can be stated as: 
Try to unravel the error sourees in the XRA measurement proceeding when analyzing mercury 

tilled H/0 Jamps; and possibly imprave the current experimental setup, data handling and 
measurement procedure. 

To achieve this, two paths are followed: 
1. The total XRA measurement procedure, including all parameters and properties of the 

experimental setup, is put into a numerical computer model. 

2. The current XRA procedure is considered again on the basis of a newly developed 
calibration lamp. This lamp has flat ends, which enables axial XRA measurements, and the 

mercury vapour pressure inside the burner is adjustable. Due to this, axial and radial 
measurements can be compared with each other. 

1.2 Contents and structure of the Report 

This report is divided into ten chapters. In chapter two, some general properties of stabie HID lamp 
discharges will be presented. The experimental setup and the used X-Ray technique, including the 

relevant procedures in the data handling are discussed in chapter 3. In chapter 4, the developed 
si mulation software is explained and the results and conclusions of the experiments are reviewed 
in chapter 5. Chapter 6 is devoted to the construction of the developed calibration lamp. Several 

lamps, including the calibration lamp, are measured and the results are shown in chapter 7. In 
chapter 8, all conclusions are ordered and discussed. The last two parts of the report contain a 
bibliography of all used sourees and tools, and a glossary with an explanation of abbreviations and 
symbols. The appendices contain the listings of the developed software and the correction models. 
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2 HID discharge and lamp principles 

In this chapter, some general properties of HID lamp systems and principlesof high-pressure gas 

discharges will be presented. The first paragraph explains the gas discharge itself, foliowed by the 

different types of HID lamp constructions and fillings. The last paragraph explains the eperation of 

the HID lamp. 

2.1 Gas discharges 
Probably the most important part of a high-pressure discharge lamp is the gas discharge itself. 

Here, the electric energy is converted into light, or more general, into electromagnetic radiation. 

The discharge takes place in the burner, which is explained more in detail in the next paragraph. 

Every electrical plasma gains its energy from electrens that are accelerated by the applied electric 

field. Electrens lose their kinetic energy by collisions with other particles. Under high-pressure 

conditions in an HID discharge, the collision-frequency of the particles in the plasma increases. At 

high cellision frequencies, the original function in the plasma of the colliding particles is not 

important any more. Therefore electron and gas temperature are almost equal in HID discharges. 

In this situation, the plasma can be considered to be close to Local Thermadynamie Equilibrium 

(L TE} [2]. Figure 2.1 shows this effect. 
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Figure 2.1 : Electron and gas temperature as a 
tunetion of gas pressure (from [2]). 

As said before, emitted electrens are accelerated by the electric field between cathode and anode 

and collide on their way threugh the burner with other particles that are present in the discharge 

tube. During these collisions, energy is transferred and the kinetic and potential energy of the 

heavy particles in the plasma will increase. Two kinds of collisions occur in the plasma: elastic 

collisions that heat up the heavy particles and inelastic collisions, which result in excitation or 

ionization of the gas atoms and molecules. 
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In this situation close to L TE, the difference between the gas temperature (Tg} and electron 

temperature (Te) is given by the following equation [24]: 

Te -Tg = !!!_(AeeEJ
2 

Te me 3kTe 
(eq. 2.1) 

With m the mass of a gas atom, me the electron mass (5.4858·104 u, [26]), Àe the mean free pathof 

the electrons, E the electric field strength between the electrad es, e the electron charge (1.6·1 o-19 

C, [26]) and k the Boltzmann constant (1.38·1 o-23 J/K, [26]). 

This temperature difference can be calculated for the mercury discharge in the lamp that will be 

described later on in chapter 6. In that case, the mean free path of the electrans is a bout 1 o-7 m, the 

mass of a mercury atom 200.6 u [26], the electric field 21.7 V/cm and the estimated electron 

temperature 5900K [2]. The calculated difference between Te and Tg is then 44 K. 

When a colliding electron possesses enough kinetic energy, it is able to move an atomie electron 

to a higher energy level. The absorbed energy during callision can be freed in the form of 

electromagnetic radiation. The wavelength of this radiation is related to the energy difference as 

follows: 

h ·C 
M=-P-

A, 
(eq. 2.2) 

With hp Plank's constant, c the propagation speed of light and !J.E the energy difference between 

the initial and the final energy level. 

lonization occurs at even higher kinetic energies. Now the electron is removed completely from its 

atom, leaving behind a positive ion. The escaped electron moves further in the electric field and 

will collide with other gas particles inducing new ionization- or excitation reactions. Although the 

ionization principle is necessary for making possible the electrical current in the discharge, it brings 

on also a problem. Due to this ongoing ionization, an unlimited electrical current will go through the 

plasma, which leads eventually to a short-circuit. Using an inductive ballast or electronic circuit, 

which limits the current, and acts like a stabilising factor, will solve this problem. 

2.2 HID lamp construction 

The HID lamp is part of a lighting system, which consists of a lamp, a ballast and a fixture. The 

ballast is the interface between the lamp and the mains supply and the fixture consists of 

supporting parts for the lamp and its gear and an optical system that guides the generated light to 

the environment. 
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Figure 2.2: Schematic drawing of a PCA burner, showing: {1) mercury, 
{2) salt, {3) ceramic discharge tube, {4) electrode with coil, {5) end part, 
{6) niobium feedthrough. 

Although there are different lamp constructions like single and double-ended types, the discharge 

tube, or burner, remains the same. This tube, where the actual discharge takes place, is usually 

made of quartz (Si02) or Poly-Crystalline Alumina (PCA). See tigure 2.2. 

The burner is generally mounted in an outer bulb made out of glass or quartz with an added dope. 

The dope is added to filter out harmful UV radiation. Somatimes the BuBa (abbreviation for the 

Dutch word "BuitenBallon", which means outer jacket) can be filled with an inert gas; otherwise it 

will beat vacuum. An outer jacket is mostly required to proteet feedthroughs against eerrosion and 

to thermally insulate the burner from the environment (especially in MH lamps where a certain wall 

temperature is necessary to evaparate enough salt). Niobium for example, corrodes in air at high 

temperatures; while in nitrogen, rare gases or in vacuum no damage is caused. 

As noticed before, two types of discharge tube mounting methods are commonly used: the single

ended (figure 2.3), and the double-ended lamp (figure 2.4). 

t 
1 2 3 4 5 

Figure 2.3: Schematic overview of a single-ended HID lamp, with: {1) lamp cap, {2) 
leads, {3) discharge tube, {4) long lead, {5) getter: to remove impurities from the BuBa. 
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Figure 2.4: Double-ended HID lamp, showing (1) lamp cap, (2) getter, (3) lead wire, 
(4) burner, (5) outer bulb. 

The ditterences in construction are clear trom these pictures. However about the single-ended 

type, two remarks have to be made. Firstly, both leads of the electredes are situated on the same 

side, close to each other. This means there is a certain chance that this will lead to an electrical 

breakdown in the lamp cap or the outer jacket, when a starting pulseis applied. Therefore double

ended lamps generally allow higher voltages for ignition. Secondly, the long lead wire is situated 

along the burner and since they both carry a current, there will be an interaction between them. 

This means at high lamp currents, due to the Lorentz force, the discharge is pushed away trom the 

lead wire. lf we want to avoid this, double-ended lamps are prefera bie. 

2.3 Burner fillings 

lt is obvious, that the gas atoms determine the colour of the emitted light. Every atom has its own 

set of values for !J.E. So by varying the filling of the burner, different coloured lamps could be 

produced. Also parameters like luminanee and efficiency are determined by the filling. 

For optimization of the light-technica! parameters, such as efficiency, colour point and colour 

rendering, usually a number of metals have to be added. Unfortunately the vapour pressure of 

most metals is too low, or they attack the lamp wall or electrodes. Therefore these metals usually 

cannot be used in pure form. 

The solution of this problem came in the early 1960s by dosing the radiator metals in the form of 

metal-halides (MH). These molecules are stabie near the burner wall due to the relatively low 

temperature. At the axis, the temperature is high enough for them to dissociate. This results in 

metal atoms in the discharge. To keep eerrosion of the electredes under control, it is favourable to 

use iodine as halogen instead of, for example, bromine or chlorine. Commonly used MH's are Nal, 

Til, lnl, Scl3 and Dyl3. 
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2.4 Lamp operation 
Under normal burning conditions, the ballast will supply the voltage necessary to operate the lamp. 

However for starting the lamp, this voltage is not sufficient due to the insulating nature of the gas at 

room temperature. Applying an ignition pulse across the discharge tube, which torces the 

breakdown of the gas, solves this problem. To accommodate the breakdown, a starting gas, mostly 

Argon or Xenon, must be added. So in the first phase after starting the cold lamp, a noble gas 

discharge is present. 

The current supplied by the ballast conserves the created 

conducting channel. Due to the heating of the gas, the 

buffer gas, usually mercury, is evaporated and starts 

participating in the discharge. The discharge will slowly 

change into a mercury-discharge, because of the much 

higher mercury concentration. 

With further increasing temperature, the salt (if present) 

will also begin to evaporate. MH-molecules are introduced 

in the gas mixture and they will migrate to the centre of the 

discharge. Here the temperature is high enough for them 

to dissociate into atoms. The metal atoms will give off their 

characteristic radiation. Due to the gradients in density 

and temperature inside the burner, the metal and iodine 

atoms diffuse to the cold wall. lt is here where they 

recombine to MH-molecules. See tigure 2.5. 

The local metal density in the burner therefore depends of 

a set of three processes. Namely (1) the conveetien flow 

in the gas mixture; (2) the ditfusion of MH-molecules and 

metal atoms, respectively from the cold wall to the hot 

centre and from the centre to the wall; and (3) the local 

chemica! equilibrium, which determines how much of the 

elements is in the form of atom, ions and molecules. 

Figure 2.5: Transport processes 
in a burner. From [1]. 

Although there are a number of gases present in the plasma, the excitation and ionization 

processes are mainly dominated by the metal additives. This can be attributed to the relatively low 

excitation energy (about 1.5-5 eV) for metals compared to the 5-10 eV and 7-11 eV respectively for 

Mercury and Xenon atoms. 
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3 Experimental setup, data handling & data acquisition 

In this chapter, the properties of the experimental setup used for the X-Ray absorption (XRA) 

measurements are given and the most important routines in the data handling procedure are 

explained. 

The setup can be divided in three parts: the CCD camera, the X-Ray souree and the HID lamp. 

Characteristics of these parts in fact determine the data handling procedure that has to be 

followed, and have large effects on the development of the simulation software in chapter 4. 

Therefore they are discussed in the following sections 3.1.1 - 3.1.3. 

To construct density profiles from the acquired data, several steps are foliowed in the data 
handling procedure. In paragraph 3.2 this procedure is explained briefly. Some important routines 

like the Abel inversion (3.2.1) and the Tikhonov regularization (3.2.2) are discussed more in detail. 

Section 3.2.3 and paragraph 3.3 contain an overview of respectively the used program that applies 

all the data handling steps to the recorded data (XRayProcess) and the total data acquisition 

procedure. 

3.1 X-Ray Absorption Setup 

The XRA experimental setup used during this project is situated at the department of Applied 

Physics of the TUle and is property of the EPG-group. The setup can be split up in three main 

parts: the CCD camera, the HID lampand the X-Ray source. Each part has its own characteristics 

and accompanying difficulties that have to be dealt with. In the figure below, a schematic top view 

of this XRA setup is given. 

X-ray CCD Camera HID Lamp X-ray tube 

BeWindow 
Cooling plate 

BuBa Burner 
X-ray beam 

Zr filter 

·I 
Figure 3.1: Top view of the XRA setup. 
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The intensity of the X-Ray radiation emitted by the source, will be attenuated by the different lamp 

materials and the emergent signal is recorded by the detector (X-Ray CCD camera). Each 

component of the XRA setup will be discussed briefly in the following sections. A more detailed 

description is given in [1]. 

All parts are placed on a rail and can be moved. However because the whole setup is situated 

inside a lead-clad box for reasens of safety, the distance L1+L2 between the X-Ray souree and the 
detector is fixed, 91cm. The position of the lamp on theether hand, can be varied. In the past [1], 

this setup was used to perferm absorption measurements only on vertical burning HID lamps. 

During this project, a lamp was constructed that can be measured in a horizontal burning position 

as well (Chapter 6). Some changes were made to the lamp holder to position this new lamp 

properly. 

3.1.1 Radiation source: X-Ray tube 

The setup contains a Molybdenum X-Ray tube that was originally designed for X-Ray diffraction 

experiments. lt is mounted in a standard tower housing. Originally the divergent beam has a beam 

angle of 12° around a direction that makes a 6° angle with the horizon. To achieve a horizontal 

beam, the whole housing is tilted over 6°. The focus size of the souree is 0.4 x 8 mm. See tigure 
3.2. 

X-ray tube tower 

/ WindCfN 

--k( _____ Horizontal diraction 

Top view of anode 

6deg. -
Center of the beam 

__ lj 
Bmm 

E 
E 
'<t T ei 

Calhode 

(a) (b) 

Figure 3.2: Souree geometry. (a): Original X-Ray tube housing. For XRA experiments, the 
whole tube must be tilted backwards over 6°. (b): Top view of the anode. From [1]. 

lnitially, the spectrum of the Me-anode has two emission lines, at 17.5 keV and 19.6 keV, and a 

broad continuum. The exit window of the tube tower is covered with a Zr filter that absorbs the 
spectrum above 18 keV, and thus also theemission line at 19.6 keV. When lamps with an outer 

tube made out of quartz are used, the lower part of the spectrum below 15 keV is a lso absorbed. lt 
is assumed that the radiation is now quasi-monochromatic around 17.5 keV. 
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Some typical settings of the X-Ray souree during XRA measurements are given in table 3.1. 

Table 3.1: Typical X-Ray settings. 

Property 
Acc. current 
Acc. Voltage 
Spot size 
Take-off angle 
Beam angle 

3.1.2 The detector: X-Ray CCD camera 

Value 
20mA 
25 kV 
0.4 mm x 8 mm 
60 
12° 

To detect the remaining X-Ray signal after absorption, the setup is equipped with a Princeton 

lnstruments PI-SCX1300 X-Ray CCD camera. The heart of the camera is a CCD-array of 1340 x 

1300 pixels. Each pixel has a width of 201Jm. Unfortunately this device is not sensitive tor X-Ray 

photons. Therefore, X-Ray quanta have to be converted into visible photons first. This conversion 

takes place in a phosphor sheet, which is connected with the CCD-array by a fiber opties taper. 

The fibers guide the visible light generated in the phosphor to the CCD array. See tigure below. 

Pictures are taken using a 16-bit AID converterand the software package WinSpec [15]. 

Figure 3.3: Structure of the CCD camera, with 3 different parts: CCD-array, 
fiber opties and phosphor sheet. From [1). 

3.1.3 X-Ray absorption in an HID lamp 

As explained in chapter 2, an HID lamp consistsof several parts. The Buba is made of quartz or 

glass, the burner of PCA or quartz and in the burner mercury vapour is present. Therefore an X

Ray beam encounters different materials. The optical depth expresses the amount of X-Ray 

absorption in a certain materiaL 

The optical depth of a material is given as: 

r = fkdl =Jlpplp (eq. 3.1) 

Where k is the absorption coefficient, /lp is the mass absorption coefficient, p the density and lp the 

path length. 
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The remaining intensity I after a ray has foliowed a defined path through a certain medium is then 

given by: 

- fkdl 
I = I 0 • e = I 0 • e-r (eq. 3.2) 

With /0 the initia I intensity and r the optical depth of the medium. 

Along each unique path through the burner, a different optical depth is encountered. This will, tor 

example, be used in section 4.1.2 where the X-Ray attenuation will be calculated in order to 

construct X-Ray pictures as part of a simulation of a real measurement. 

3.2 Data handling & profile reconstruction procedure for Radial XRA 

measurements 

Several steps have to be taken to transfarm the measured data into a radial temperature profile. 

Most of the steps are only introduced briefly, a more extensive explanation of each step is found in 

[1]. 

First, the signal labs due to incoming X-Ray photons, has to be extracted trom the acquired signal 

lmeas. The detector measures a signal that contains several components. labs is then given by: 

I = I meas - I dark - I offset 

abs I 
FF 

(eq. 3.3) 

Here corrections take place tor the dark current (/dark), the remaining offset (/offset) and the non

uniformity of the CCD-array UFF). 

Secondly, the image has to be reconstructed and subtraction of the reconstructed on- and aft

images must be made possible. Here two types of problems arise. Due to the warm up of the 

burner in the on-situation, the burner will rotate, shift and expand and therefore the geometrical 

position and density of the wall material will be different in both situations. Also the applied X-Ray 

dose in on- and off situation is not the same; this is due to the instability of the X-Ray source. To 

make possible the subtraction of on- and off profiles, both profiles are described in a mathematica! 

way. The expressiontor the off-profile is: 

yoff (x)= Yt -rt (x,E) (eq. 3.4) 

Here y is the logarithm of labs, and rb the optical depth of the burner at lateral position x and energy 

E and given by: 

rt (x, E) = nb · O"b (x) ·lb (x) (eq. 3.5) 

Where nb is the density of the burner, ab the absorption cross section and tb the path length 

through the burner at lateral position (see section 4.2.1 ). The parameters are found by a fit of the 

experimental data. The on-profile is given by: 

(eq. 3.6) 
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With rHg the optical depth through the mercury vapour inside the burner. lt would be easy to find rHg 

by a simple subtraction of equations 3.4 and 3.6, however this is not correct because of two 

raasons mentioned above. This implies that r;n :;:. r ;ff and y~n :;:. y~ff. Therefore tn(x) has to be 

corrected by a fitting procedure. This fitting corrects for dose-inequality and the geometrical miss

match of the different profiles. The corresponding fit-function is given by: 

(eq. 3.7) 

Here a is a fit-vector which corrects for expansion (a1), shift (a2), density decrease (a3) and dose 

inequality (a4). Figure 3.4 shows an example for lamp-on and lamp-off fitting results. 

FF 
0.001 

-1.111 

-2.223 

-
:5 -3.335 

-4.447 
-0.007 

ON 

-0.004 

0 F-ON 

-0.000 
y 

0.003 0.006 

Figure 3.4: Example of the results after fitting. The difference in dose is corrected for y•on 0=y0 "o in the outside 
reg ion. The position of the wall for the on-situation matches with lamp-off. 

So problems like experimental blurring, image magnification, thermal expansion of the burner and 

density decrease of the wall material are solved. Now the two signals (lamp-on and lamp-off) have 

to be subtracted. After this correction, we can determine the optical depth by subtracting the 

signals: 

1 ,". • 
t'H (X)=-[y o.u (X)-y on(X)] 

g a 
3 

(eq. 3.8) 

Where a3 is a correction parameter for the density decrease of the burner wall and '/" and .yn 
respectively the logarithm of the off- and corrected on-signal. The measured line-integrated density 

profile, with aHg the absorption cross section, is then given by: 

yoff (x)_ Y *on (x) 
Fexp (X) = .:....._.....:........:---=-""-~ 

a 3 <JHg 
(eq. 3.9) 



- 18-

To turn this lateral profile into a radial density profile, the Abel inversion technique is applied. This 

will be explained in sectien 3.2.1. To ensure the stability of the Abel inversion procedure, a 

numerical mechanism called Tikhonov Regularization has been proposed and used by [1 ]. See 

sectien 3.2.2. 

Since aHg is not known quantitatively, but is assumed to be constant, only relativa radial density 

profiles can be created by the Abel inversion. However, the pressure in the lamp is constant and is 

mainly caused by the buffer gas. Th is implies that PHgo::::Ptot=const. The ideal gas law states: 

p = n(r) · k · T(r) (eq. 3.10) 

Where p is the pressure in Pa, k the Boltzmann constant, n(r) the local density and T(r) the local 

temperature. From equation 3.6 it is clear that the local gas temperature is proportional to the 

inverse of the mercury density: 

T(r) = p oe _l_ 
n(r) · k n(r) 

(eq. 3.11) 

When the wall temperature of the measured lamp is known, it is possible to construct absolute 

temperature profiles: 

T(r)=~Tw 
n(r) 

(eq. 3.12) 

The ratio of the local density and the density at the wall is obtained from the relative radial density 

profiles. 

3.2.1 Abel inversion 

In this sectien is explained how an Abel inversion is 

applied to derive the radial density profiles from the 

measured lateral profile. Abel inversion is in fact the 

reverse processof the Abel transformation, which will 
be introduced first. 

Assume that f(r) is a radial function (see tigure 3.5) 

and that r is related to x and y as: 

y = .Jrz -xz (eq. 3.13) 

x 

y 

Figure 3.5: Abel transformation. 

By differentiating equation 3.13 to r, an expression for dx is derived: 

dy = rdr 
.Jrz -xz 

(eq. 3.14) 
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An observer will see along the dashed line a projection of the circular function f(r): 
~ ~ 

F(x) = fJ(r)dy = 2 · fJ(r)dy (eq. 3.15) 
0 

The last step is allowed since f(r) and dx are both even functions. Substitution of equation 3.14 in 

3.15 gives: 

F(x)=2·J f(r)·r dr 
o .Jr2 -x2 

(eq. 3.16) 

Now, equation 3.16 can be applied to the experimentally measured lateral mercury column density 

(equation 3.9). One gets: 

(eq. 3.17) 

The radial density function n(r) is expressed on a basis of even-order polynomial functions, 

according to: 

(eq. 3.18) 
i=O 

The column density then becomes: 

(eq. 3.19) 

R 2i+1 

F2; (x)= J .J : 2 dr (eq. 3.20) 
x r -x 

lt is clear that N determines the order of the fit function, i.e. the number of F2; -terms. Equation 

3.19 is used to fit the measured lateral Hg-density profile (equation 3.9) and thereby find the 

coefficients a2;. After that, the radial profile can be reconstructed. 

One important remark has to be made about the order of the used fit function. One would suggest 

that the accuracy is proportional to the order of the polynomial. However in fact, at increasing 

orders, experimental noise will increasingly affect the reconstructed profiles, leading to oscillations 

in these profiles. Zhu [1] introduced the Tikhonov Regularization as a salution for this problem. 

This methad will be presented in the next section. 
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3.2.2 Stabilizing the salution with Tikhonov Regularization 

When a mathematica! model of a physical phenomenon is we/1-posed, three conditions must be 

true: (1) the salution of the problem must exist, (2) it must be unique and (3) the salution must be 

stable. lf one of the conditions is not satisfied, the problem is i/1-posed. A mathematica! tormulation 

of well- and ill-posed problems is given in [13]. 

Inverse problems like the Abel inversion are typical ill-posed problems due to the absence of the 

third condition. The stability of the salution is affected by the noise in the data. To find a salution 

that is stabie to the noise and also approximates the true salution as best as possible, a 

mechanism called Tikhonov Regularization [13] is used. 

In a normal fitting procedure, least square minimization is performed to find the best fitting 

parameters. These parameters, collected in vector a, are found by: 

- M-1 b-a= . (eq. 3.21) 

Where M is the fit matrix and b contains the measured data. When using the Tikhonov 

Regularization method to stabilise this least square fitting, a mechanism called penalized least 

square minimization is used to restriet all solutions of the problem to those with minimum norm. 

The fitting parameters are given by: 

~ = (M* M + J.ll)-1 M* · b (eq. 3.22) 

With Jl the regularization parameter, M* the transposed matrix of Mand I the identity matrix. 

Our problem is described before by equation 3.19 that is recalled here: 
N 

F(x1 ) = 2La2;F2;(x1) 
i=O 

The measured data F(x) are represented by vector b as follows: 

b = [F(x1),F(x2 ),F(x3 ), •• .]* 
Vector a contains the coefficients a2;: 

The fit matrix M contains the functions F2;(x) and is defined as: 

F
0

(X1) F2 (x1) F2N(x1) 

(eq. 3.23) 

(eq. 3.24) 

(eq. 3.25) 

(eq. 3.26) 

The inverse procedure introduces two types of errors that contribute to the total reconstruction 

error: the approximation error and the noise-propagation error. At increasing regularization 

parameter Jl the approximation error rises, whereas the noise-propagation error decreases. This 
means there must be an optimum value of Jl for the inverse problem. This is illustrated in figure 3.6. 



a. u. 

a.u. 

Jlopt 

- 21 -

Approximation 
error 

Noise-propagation 
error 

Figure 3.6: Total reconstruction error. Adapted from [13). 

To get the best reconstruction results with a minimum error, the right combination of base tunetion 

order and regularization parameter has to be selected. In the Abel inversion case, the original 

profile usually is unknown, so the base tunetion (polynomial) should contain enough terms to 

describe the radial profile. Numerical tests are needed to determine Jlopt· 

3.2.3 Reconstructing the radial profiles with XRayProcess 

The reconstruction software XRayProcess executes the data handling and profile reconstruction 

steps. This program is written in Barland Delphi 7.0 [7] by M. Haverlag. All corrections mentioned 

above, Abel inversion and Tikhonov regularization are implemented. lt was already used in the 

past by Zhu [1]. The graphical user interface of XRayProcess is shown below in tigure 3.7. 

Figure 3.7: GUl of XRayProcess. 

Some minor changes are applied to the original program. Besides some changes for properly 

analyzing a whole series of simulated pictures (see chapters 4 & 5) in succession, the maximum 

number of Abel terms has been increased from 11 to 16. Also an extra routine is added to remove 

a structural shift the lateral density profile, which was present in the original version of 

XRayProcess. An example of the output of the final XRayProcess program is given in tigure 3.4. 
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3.3 Perlorming XRA measurements & data acquisition procedure 

Performing the experiments on vertical burning lamps is fairly straightforward. The acquisition 

procedure consists of several steps. They are mentioned below in order of appearance and 

explained briefly. 

1. The setup is prepared for utilization. This means, cooling water, camera controller and X

Ray power are switched on. WinSpec [15] is started. The camera is caoled down to -20°C 

to reduce dark current. 

2. The lamp is placed in the setup and is aligned vertically. The position of the lamp on the rail 

is adjustable. 

3. Test images have to be created todetermine the proper exposure time and X-Ray settings 

(V acc. lacc). These settings have to be optimized to make use of the full 16-bits scale of the 

A/D-converter. 

4. With a closed shutter and the camera covered with a lead-plate, background correction 

pictures are taken. These images are averaged using the WinSpec File Averager (see 

sectien 3.2.5 and Appendix A). The averaged pictures will be used later on in the 

acquisition procedure as a correction for the presence of background radiation. 

5. Flat Field correction pictures are taken to correct the measured data for inhomogenities of 

the CCD array. This correction is performed without any lamp in the setup and with a 

continuously opened shutter. Also these pictures are averaged like the background 

correction in step 4. 

6. The averaged pictures of steps 4 & 5 are used as background and flat field corrections in 

the next two measurements series. First, a number of pictures are taken from the lamp-off 

situation, foliowed by a number of lamp-on pictures. 

3.3.1 WinSpec File Averager 

In order to easily average a series of recorded X-Ray pictures, a tooi named WinSpec File 

Averageris written in Barland Delphi [7]. The user interface is shown in tigure 3.8 below. 

Figure 3.8: GUl of WinSpec File Averager. 

The operatien of the program is rather obvious. After that the first file of a series is loaded (Read 

File), its name appears in the Filename textbox. The picture can be viewed by pressing the View 

File button. When pressing the Average button, the files with numbers between the selected 

indices are averaged. After the averaging process has been completed, the result can besavedor 

viewed by pressing respectively the Save or View Average button. In appendix A, the entire souree 

code of this program is given. 
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4 Simulation software: the program XRSIM 

In order to investigate the crigin of possible systematic errors in the X-Ray absorption (XRA) 

results, software has been written to simulate the X-Ray measurement procedure. In this model, 

several parameters of both the experimental setup and the investigated lamp are adjustable; so for 

each desired situation, corresponding SPE-files (WinSpec File Format [15]) can be created. The 

program XRayProcess, which reconstructs the original temperature profile by performing an Abel 

inversion procedure on the collected data, then analyzes these pictures. This program was 

described and explained before, in chapter 3. So simulating, and thus knowing all the initia! 

parameters, can demonstrate the effect of the reconstruction procedures and possibly bring to light 

the limitations of the current experimental setup. In this chapter, the structure of the simuiatien 

software is explained. Foliowed by chapter 5 where the performed experiments and the results of 

simuiatien tests are presented and discussed. 

The simuiatien software (XRSIM) containing the model is written in Serland Delphi 7.0 [7], which is 

in facta version of object-Pascal with dedicated libraries for MS Windows. Important parameters 
can be changed easily by the graphical user interface (GUl). The explanation in this chapter is 

intended as a general guideline through the options and internal structure of the program and 

therefore understandable without any specific programming knowledge. Appendix B contains the 

entire souree code of this program. 

In this chapter, the principle and routines used in XRSIM, will be discussed first in the following 

paragraph 4.1. Later on, in paragraph 4.2, the simuiatien mode is explained more in detail. 

4.1 General principle and procedures 

With XRA, the mercury density is determined from the amount of absorption of the X-Ray energy. 
According to the ideal gas law, the temperature is proportional to the inverse of this density 

(equation 3.11 ). These steps and several corrections take place in the analysis software 
XRayProcess. XRSIM only constructs the simulated pictures, which can be analyzed by this 

routine that was introduced in chapter 3. 

Figure 4.1 shows a non-proportional, simplified overview of the setup, consisting of an X-Ray 
source, a burner and a CCD array that registers the X-Ray intensity after attenuation by the burner 

wall and possibly the outer bulb and mercury vapeur inside. 
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X-ray souree 

Figure 4.1: Simplified overview of the setup. 

4.1.1 The X-Ray souree 

lnitially, the X-Ray souree was represented as a point souree sending out a divergent beam 

through the burner, and directed to the detector. This implies that the image of the burner is 

magnified in relation to the real object. To link a position on the CCD array to its corresponding x

position in de burner, the following relation is used: 

- LI·X 
xburner - I 2 2 (eq. 4.1) 

v(LI + L2) +x 

Here are L1 and L2 respectively the distances between the souree and the burner and the souree 

and the CCD array. Applying some geometry on figure 4.2 derives the above-mentioned relation. 

X-ray souree 

Figure 4.2: Top view of the situation. 

The magnification factor M can be expressed as follows: 

M= LI +Lz 
LI 

(eq. 4.2) 

However, the anode in our X-Ray tube housing is shaped like an 8mm long crossbar, tilted over 6 
dagrees (see section 3.1.1 ), so the point souree representation in figure 4.2 is not fully correct. 
Therefore the contribution of saveral point sourees lying behind each other must be taken into 
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account. This implies that for every source, the distance L1 changes. A quasi Monte Carlo 

procedure is performed to collect the data trom every point souree properly on the right pixel. 

Each pixel receives X-Ray energy trom several point sourees and is covered with a blurring profile. 

This means that also rays that point out to the surrounding space of this pixel, do contribute. We 

assume this blurring profile to be Gaussian with a certain profile width. In XRSIM, also a block 

profile instead of the Gaussian profile is available. However most of the simulations are performed 

with a Gaussian beam profile. The profiles are always shaped like: 

beam ~ profile = exp[ ~ ~', ] (eq. 4.3) 

Where X is the relative position under the Gaussian and a the standard deviation of the 

distribution, which is related to the full width (FW) of the blurring profile by: 

FW 
CJ = -6- (eq. 4.4) 

See tigure 4.3. For every pixel, the average contribution of the Gaussian (or Gaussians, if multiple 

sourees are taken into account) is determined. Therefore the area under each Gaussian is split up 

into 100 slices. The highest ( centre of the clock) and smallest contri bution (in the tail of the clock) 

covered in the averaging procedure is respectively 1.0 and 0.0111 . 
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Q) 
m 

0,2 

0,0 

-0,5 -0,3 -0,1 0,1 0,3 0,5 
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Figure 4.3: Gaussian blurring profile. 

4.1.2 Simulating the X-Ray attenuation 

Each X-Ray beam is attenuated by the lamp construction material and filling. The outer bulb is 

made of Si02, the burner wall of Al20 3 (PCA) and the burner is tilled with mercury. Each material 

has its own optical depth; which means it absorbs a certain amount of X-Ray energy and therefore 

the path lengths through the different species must be calculated. The larger the optical depth of a 

material, the larger the absorption effect is. 
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The optical depth of a material was already given in chapter 2, but is recalled here: 

r = fkdl =Jlpplp (eq. 4.5) 

Where k is the absorption coefficient, f.lp is the mass absorption coefficient, p the density and lp the 

path length. The density and mass absorption coefficient for quartz and PCA are given in table 4.1. 

The path length through a burner can be calculated, by using Pythagoras in figure 4.4, as follows: 

O::;lx-xol::;r1: /~ 1 =2(b-a)=2(~r22 -(x-x0 ) 2 -~r12 -(x-x0 ) 2 ) (eq.4.6) 

(eq. 4.7) 

Here is r1 the inner burner diameter, r2 the outer diameter, x0 the centre position of the burner and 

x the position where the beam crosses the burner. The same relations hold for the outer bulb of the 

lamp. 

Table 4.1: Density and mass absorption coefficients of the different materials [1]. 

Quartz 

PCA 

Density p (kg/m3) Mass absorption coefficient /lp (m2/kg) 

2.2·1 o 3.s9·1 o-

3.97"103 

As stated in chapter 3, the remaining intensity I after a ray has foliowed a defined path through a 

certain medium is then given by: 

I - I - fkdl - I -T - o·e - o·e (eq. 4.8) 

With /0 the initial intensity and r the optical depth of the medium. 

zot 
, P 

~-__. Outer burner wall 
Mercury vapour 

region +-----i"<----"-.,..-........._..!---

Figure 4.4: Path length calculation. 
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So the calculation of the optica! depth of the burner wall and outer bulb (the mercury-free regions) 

is clear. However the inside of the burner contains vaporized mercury. Here the local density 

depends on the selected temperature profile. This density is given by: 

( 
PHg 

p r)=k ·T(r) (eq. 4.9) 

With p(r) the local density, PHg the constant mercury pressure inside the burner, k Boltzmann's 

constant and T(r) the local temperature as defined by the temperature profile. To get the optica! 

depth, the local densities are integrated along a path length through the burner using an Abel 

transformation and multiplied by aHg (the mercury cross section, which is 4.0·1 o-24 m2
). 

4.1.3 Temperature profile 

For the input temperature profiles we used a parameterisation which is an adapted version of the 

one proposed by Fischer [10, 17]: 

T=Twa/1 +(Taxis -Twau)/;~~~1 {l+[iY}+(Taxis -Twaii)Tlf2+1 {l+[f]
2 f (eq.4.10) 

Here, Taxis and Twall are respectively the temperature at the centre of the burner and the wall, r the 

radial di stance and R the radius of the burner. T1 T2 and rare the dimensionless parameters for 

making a more constricted profile. The terminology corresponds with the equation in [17]. So, a 

normal parabalie profile is achieved when r=1 and T1T2=0. Figure 4.5 shows some constricted 

temperature profiles for different values of r T1T2 is kept zero, Taxis and Twall respectively at 5000 

and 1000 K. 

5500 ~-----------------------r--------~ 
--gall1'TB =1 

5000 +----- --------::;;;..".,...._.=--- -----1-- gall1'TB = 4 

4500 +-----------c~-----.!-AI-----t-\-'.--___"",.-----1 -- gall1'TB = 7 
--gall1'TB = 15 

~4000 ~----~--t~~-~~r-~~========~ -G) 

5 3500 +-------/----+-+-+----------1:---\----\---~-------j 
1ii 
~3000 +---~---+-+-+----4-4-~--~------j 

~ 2500 +----F---------Jf-----1-+-----~-----lr--\------\------j 
2000+---~---1--+--+------~~~----4.----j 

1000 ~--~~~~----------~--------~--~~~~ 

-1,0 -0,5 0,0 

r/R 
0,5 1,0 

Figure 4.5: Some radial temperature profiles with variation in constriction (T1T2=0). 
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4.1.4 Image construction 

In this paragraph, the different steps in picture construction will be explained. Therefore the total 

number of counts on each pixel has to be calculated. The total CCD area consists of 1340 

horizontal and 1300 verticallines. The intensity on a pixel is caused by dark noise and (attenuated) 

X-Ray energy, emitted by the source. 

k er~.--

i= 1 N 

Figure 4.6: lntensity from one X-Ray on a pixel. 

The 50 upper and lower lines are used as offset correction areas (see signal extraction in section 

3.2). Here only dark noise is taken into account. They appear as dark areas in the final pictures. 

Figure 4.6 shows an arbitrary pixel on the CCD array. Assume that one X-Ray, having a blurring 

profile width larger than the pixel itself, hits this pixel in the centre. As mentioned earlier, the beam 

profile is divided into N pieces (BP;). For each position under the Gaussian, the optical depth (r;) 

and corresponding attenuated signals due to X-Ray beams hitting pixels next to pixel k (A;) are 

calculated: 

A. =e-r; ·BP 
I I 

(eq.4.11) 

These contributions are summed and averaged over the whole beam profile according to: 

LN A. 
<A>= i=l I 

I:,BP; (eq. 4.12) 

Now we have the average attenuation of all X-Ray beams that hit a pixel. Because the X-Ray 

souree cannot be represented by a single point souree as explained in section 4.1.1, we a lso need 

to take the average over X-Rays coming from different positions on the X-Ray source. Each ray is 

sent out from a different spot j on the sou ree, so each ray will encounter a different optica I depth 

along its pathand therefore has a unique average attenuation <A>j. See tigure 4.7 below. Assume 

that the X-Ray souree consists of M point sources, the average attenuation for the whole pixel 

becomes: 

-- LM <A>j 
<A > = _..:....]=_, __ _ (eq. 4.13) 

M 
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With the attenuation from equation 4.13, which is averaged over all sourees M, the X-Ray intensity 

on this single pixel k could be obtained using: 

I Xray -I -A 
k - 0 0 < >k (eq. 4.14) 

Where /0 is constant and taken 65.000 counts. 

Th is whole sequence is foliowed for all 1340 pixels of the x-di reetion of the CCD array. For each 

pixel, the intensity I tay must be increased with some dark noise. The user defined dark noise level 

determines, tagether with a randomization routine [9], the final dark noise per pixel If~ . So every 

single pixel has a unique I f,n1 value that is rounded to the nearest integer to simulate the AID 

conversion. Since the whole averaging procedure is a rather time consuming cycle, for only one 

line I of all 1300, I tay is calculated and also rounded to the nearest integer. Th is computed value 

is used for alllines on the CCD. On a pixel (k,l), the total intensity becomes: 
Ilotal _ IXray + Idn 

k,l - k k,l 

j = 1, 2, ............ ,M 

' I I 
11 
11 
11 
11 
'I 
11 
I 
11 
11 
I 

k = 1340 

Figure 4.7: The CCD array divided in pixels (k,l) and the souree consistsof points j=1 ... M. 

4.1.5 General setup properties 

(eq. 4.15) 

The most important settings can be set from a control panel in a MS Windows manner, befare 

starting the simulation. Other parameters, like the distances L1 and L2, the number of point sourees 

and constants like pand J..L for the different materials, must be changed in the souree code and the 

software has to be recompiled. 
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Figure 4.8: The control panel of XRSIM. 

The GUl with the general settings is shown above in tigure 4.8. Two distinct beam profiles are 

available: a bleek- and a Gaussian shaped profile with a variabie width. And a certain amount of 

dark noise is added to the signal during the process. The user-defined number of counts limits this 

amount of noise. For example the dark noise per pixel in tigure 4.8 is a random value between -10 

and +10 counts. For each pixel in the array, the dark noise is different. The CCD camera in the 

experimental setup has a resolution of 500 px/cm, but in the simuiatien software this resolution is 

also adjustable. Choosing another pixel-width can do this. 

Each desired temperature profile could be constructed according to equations 4.6 & 4. 7 and using 

the settings for the wall and axis temperature, y and T11T2. And finally the burner diameters and 

outer bulb (BuBa) dimensions have to be set. 

4.2 Straight are simu/ation mode 
In this mode, a situation where the arc-path is a straight line 

between the electredes is simulated. See tigure 4.9. The 

highest temperature present in the burner, which is the 

temperature at the top of the parabola shaped temperature 

profile (Taxis), is positioned at the centre line in the middle of 

the burner. During the simulations, constricted temperature 

profiles, specified by the parameters T1 T2 and y, are a lso 

possible. 
Figure 4.9: Straight are path. 

Figures 4.10 and 4.11 show simulated pictures for respectively the off- and on-situation of a burner 

with an inner diameter of 11.0mm and a wall thickness of 0. 7mm. The outer bulb has a diameter of 

40mm and a thickness of 2mm. Later on, this burner is referred to as "burner 2". A non-constricted 

temperature profile with an axis temperature of SOOOK and a wall temperature of 1 OOOK is 
simulated. 
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Figure 4.1 0: Simulation of a lamp-off measurement. Figure 4.11: Simulation of a lamp-on measurement. The 
The burner has an inner diameter of 11.0mm and a burner has an inner diameter of 11.0mm and a wall 
wall thickness of 0.7 mm. The black bars at the top thickness of 0.7 mm. In this on-situation, a non
and bottorn of the picture represent the areas where constricted temperature profile is simulated. 
only noise is taken into account. 

Ta save time, multiple files with a user-defined increase in burner diameter, can be created in 

succession. See also figure 4.12 of the GUl for the straight are simuiatien mode. Here the total 

number of files to create (number of pairs) and the increment of the burner diameter (step) are 

adjustable. The simulated burner diameters are saved in a datafile. The dimensions of the outer 

jacket are kept constant during each simulation. These series of pictures can be processed in 

order by a modified version of the Abel inversion software, which is used to reconstruct the 

temperature profiles (XRayProcess). The reconstructed axis temperatures are written toa datafile. 

Figure 4.12: Multiple files with increasing 
diameter can be created in succession. 
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5 Simuiatiens and results 

In the following simulations, four hypothetical burners are used. See table 5.1 for the exact 

dimensions. The mercury pressure inside the burners is kept constant, 106 Pa. The axis 

temperature is set at 5000K, the wall temperature at 1 OOOK. All sessions, except those concerning 

the artificial impravement of the resolution and the reconstruction of constricted profiles, are 

performed with one point souree instead of combined multiple sou rees. The real setup at TU/e has 

a CCD camera with a resolution of 500 px/cm. During the simulations, also the effect of higher 

resolutions is investigated. 

Table 5.1: Hypothetical burners used in the simulations. 

Din, burner (mm) Dout, burner (mm) Din, buba (mm) Dout, buba (mm) PH9 (Pa) 
Burner 1 7.11 8.24 40.0 42.0 106 

Burner 2 11.0 12.4 40.0 42.0 106 

Burner 3 15.0 16.4 40.0 42.0 106 

Burner 4 4.5 6.1 28.0 30.0 106 

Burner 5 9.0 10.6 28.0 30.0 106 

The dimensions of burners 1 , 2 and 3 were chosen to investigate the behaviour of the 

reconstructed axis temperature at increasing burner diameter. Burner 4 was experimentally 

measured by Zhu [1] and therefore interesting to compare with our results. 

In each of the following paragraphs a performed simuiatien is described and the results are 

discussed. Paragraph 5.6 gives an overview of all results and conclusions. The next paragraph 

contains the first simulations. For burners 1, 2 and 3 parameters like camera resolution, dark noise 

and camera blurring are varied and the effects of this on the reconstructed axis temperatures are 

investigated. The results of these first simulations have led to the simulations described in 

paragraph 5.2 where the effect of very small changes in burner diameter on the reconstructed data 

is studied. The influence of the camera properties, the blurring width and resolution, are discussed 

in part 5.3. Paragraph 5.4 shows a method to improve the camera resolution and part 5.5 is 

devoted to the reconstruction of constricted temperature profiles. 

5.1 General straight are simulations as a function of camera resolution, 

dark noise and camera noise 

During these test, for each burner 1, 2 and 3, the dark current noise, blurring profile width and CCD 

resolution are varied. For burner no. 3 even the blurring profile shape is changed. Each profile was 

reconstructed by using the program XRayProcess (which is used to analyse experimental X-Ray 

absorption profiles of lamps), and axis temperatures were noted in the tables below. 
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5.1.1 Simulations and results 

For burners 1 and 2, only Gauss shaped blurring profiles are examined for four different profile 

widths, 5 dark noise levels and images are recorded in 3 different resolutions. Each dark noise 

level, limits the number of counts due to dark noise to a certain given minimum and maximum 

value. For the reconstructed axis temperatures, see tables 5.2 and 5.3. Also the relative deviation 

trom the original input axis temperature (5000K) is calculated and given in the column delta. 

Table 5.2:Variation of dark noise, setup resolution and blurring width while simulating burner 1. 

Table 5.3:Variation of dark noise, setup resolution and blurring width while simulating burner 2. 
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The profiles at a noise level of 100 counts could not be reconstructed well by the Abel inversion 

software XRayProcess. That is to say, the reconstructed temperature profiles are not parabclas 

any more, so the achieved (axis) temperatures are highly unreliable. The same condusion yields 

for burner no. 3, therefore the last columns in tables 5.3 & 5.4 are empty. 

Table 5.4: Variations while simulating burner 3. 

-5% 4797 -4% 4773 -5% 4808 -4% 

-40% 4685 -6% 4940 -1% 504 7 1% 

5.1.2 Conclusions 

From these first simulations, some important conclusions can be drawn. 

In general, when using low resolutions in the order of 500 px/cm, small burners do have larger 

deviations trom the actual axis temperature than large burners. This can be improved significantly 

by increasing the CCD resolution. Because when higher resolutions, up to 1000 px/cm, are used 

during the simulation, the ditterences between the reconstructed axis temperatures of the specified 

burners vanish. When the CCD resolution is decreased below the 500 px/cm, the result gets 

worse for all 3 burners. This is not shown in the previous tables. 

Wh en much dark noise is added ( 100 counts ), temperature profiles are not reconstructed well 

when using burners 2 and 3. So probably the reliability of the results in all cases at this noise level 

must be doubted. In general, the shape of the reconstructed profiles is more or less identical in all 

cases with limited noise. A more specific investigation of the shape of the reconstructed profiles is 

presented in sectien 5.5. Some dark noise is even desirabie fora good SNR (signal to noise ratio) 
of the AID converter. 
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5.2 Effect of smal/ variations of burner size (burner 1 & 2) 

Because of the large axis temperature variations in the first simulations that were described in 

section 5.1, the effects of small variations of the burner diameter were investigated. First, for 4 

situations around the diameter of burner 1. Later on, smaller steps around several diameters are 

examined. During all these simulations, the distance between CCD and X-Ray souree is set at 

91 cm, the distance between lamp and X-Ray souree at 84cm. So the magnification is, according to 

equation 4.2, 1.083x. 

5.2.1 Simuiatiens and results 

In these experiments, only noise levels 0 and 10 counts are simulated at 4 different blurring widths. 

The outer bulb dimensions are kept constant during the experiment. Inner and outer diameters for 

the outerbulbare respectively 40mm and 42mm. See tables 5.5 & 5.6. 

Table 5.5: Small variations in burner diameter (burner 1); part I. 
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Table 5.6: Small variations in bumer diameter (bumer 1); part 11. 

Some earlier conclusions are confirmed again by these experiments. For example the better result 

for higher resolutions and the positive effect of some dark noise. But even when increasing the 

burner diameter with 1 llm (this is only a fraction of one pixel width), significant differences in axis 

temperature occur. Therefore more simulations are necessary to study these effects in detail. 

The inner burner diameters are va ried in small steps between 7.10 and 7.20 mm. Th is is close to 

the dimensions of burner no.1. The dimensions of the outer bulb are still 40 and 42 mm for inner 

and outer diameter. For the original resolution of the X-Ray setup, which is 500 px/cm, two levels 

of blurring profile width are simulated (51lm and 1 OOj..tm}. The 5j..tm blurring profile is also used in 

combination with a CCD resolution of 1000 px/cm. Figure 5.1 shows the results. 
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Figure 5.1: Small inner diameter variations between 7.1 and 7.2 mm (around burner 1). 
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The sa me session is done for small diameter variations between 10.9 and 11.1 mm, but only for a 

resolution of 500 px/cm and a blurring profile width of 5 11m. The outer bulb dimensions are exactly 

the same as before. Here we experience the same periodicity. See tigure 5.2. 
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Figure 5.2: Small variations in inner diameter around 11.0mm (burner 2). 

5.2.2 Conclusions 

As said before, these simulations confirm the earlier conclusions concerning the positive effect of 

dark noise and the impravement of the accuracy of the result when the spatial resolution 

increases. More detailed simulations are performed to study the impact on the axis temperature of 

small changes in burner diameter. 

When analyzing these results in the tigure 5.1, the most important condusion is that there is a 

certain periodicity in the reconstructed axis temperatures and that the phase of the periadie 

tunetion changes with the CCD resolution. The mean distance between the maxima is 36.4 11m for 

500 px/cm, and 18.5 11m for a resolution of 1000 px/cm. A resolution of 500 px/cm implies a pixel 

width of 20 11m, 1000 px/cm corresponds with a pixel size of 10 11m. Apparently the period depends 

on the pixel width of the CCD chip. 

Taking into account the magnification of the object due to the divergence of the X-Ray beam, the 

distance between the maxima at the CCD array becomes for 500 px/cm and 1 000 px/cm 

respectively 36.5 · ~l = 39.5f1m and 18.5 · ~l = 20.0f1m. Which is two times the pixel width of the 

accompanying CCD array. lt turns out that maxima and minima are reached when the inner 

diameter respectively contains an odd or even number of pixels. 
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5.3 lnfluence of the CCD-resolution and profile width 

Also smaller burners, with inner diameters about 4.5mm, were investigated to build the final 

conclusions. The burner used for these simulations is based on the earlier mentioned and 

measured burner "type 4". The major differences between this lampand the burners 1&2 are the 

burner diameter, the wall thickness and the dimensions of the outer bulb. 

5.3.1 Simuiatiens and results 

First the influence of the CCD array resolution, or CCD pixel width, on the reconstructed axis 

temperature is examined. Therefore two different blurring profile widths are simulated using a 500 

px/cm and 1000 px/cm array resolution. Figure 5.3 shows the results for a profile width of 5jlm, 

tigure 5.4 for a width of 1 OOj..Lm. 
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Figure 5.3: lnfluence of the resolution at a blurring profile width of 51J.m (around burner type 4). 
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Figure 5.4: lnfluence of the resolution at a blurring profile width of 1001J.m (around burner type 4). 
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Now the effect of the beam profile width on the reconstructed axis temperature is a lso investigated. 

Always Gaussian blurring profiles are used. For two resolutions, 500 px/cm and 1000 px/cm, 

several blurring widths of 0, 5 and 100 micron are used. Figure 5.5 shows the results at a 

resolution of 500 px/cm, figure 5.6 for 1000 px/cm. 
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Figure 5.5: lnfluence of the beam profile width (resolution 500px/cm). 
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Figure 5.6: lnfluence of the beam profile width (resolution 1 OOOpx/cm). 

Now we have data from a small burner, it is also interesting to cernpare these data with a larger 

one. Therefore, a larger burner (no. 5) is simulated. This is done for 500 px/cm with two blurring 
widths: 5 and 100 micron. See figure 5.7 for the results. These simulations are done withadark 

noise level of 10 counts and a resolution of 500 px/cm. 
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Figure 5.7: Simulation of burner 5, which is twice as big as burner no.4, for two blurring profile widths. 

5.3.2 Conclusions 

From simulations before, it is obvious that the axis temperature varies periodically with very small 

burner diameter variations. Even small changes in diameter induce large deviations in 

reconstructed axis temperature. 

lncreasing the resolution of the CCD detector produces a set of three effects. First, the mean of all 

reconstructed axis temperature is higher, what means that the horizontal equilibrium axis lies at a 

higher temperature. Also the deviations from this mean value are significantly smaller for smal! 
variations in inner diameter, when the resolution is increased. The third effect acts on the 

periodicity. Since the period gets of course shorter at increasing resolution due to the coupling 

between periodicity and pixel width. 

To check the earlier condusion that temperature profiles in large burners are reconstructed better 
than those in small burners, a lamp twice as big as the "type 4" burner is investigated. And indeed, 
when camparing figures 5.5 and 5.7, the condusion must be that a large burner gives better 

results than a smaller one. However it is curieus that the spread in reconstructed axis 
temperatures is considerably different for a 9mm burner (burner 5) at 500 px/cm and a 4.5mm 

burner (burner 4) at 1000 px/cm. Possibly this difference originates in the fact that the wall 
thickness of the burner in both cases is the same (0.8 mm). 
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5.4 lmproving the accuracy in practice 

As concluded earlier, the best results are achieved when using a high resolution CCD camera. 

Since the setup has (of course) a fixed resolution of 500 px/cm, only tricks can be used to 

artificially imprave it. Therefore it is interesting to investigate in a simulated XRA experiment, 

whether we can imprave the result by placing the lamp further away from the camera. Due to the 

divergence of the X-Ray beam, the object is enlarged according to equation 4.2, and more pixels of 

the CCD are used to represent the object. By placing the lamp further away from the camera, the 

diameter of the burner, as well as the apparent wall thickness, increases compared to the pixel 

width of the detector. 

5.4.1 Simulations and results 

Some additional simulations are performed on burner 4, for 500 px/cm, with a profile width of 5 

micron and a dark noise level of 10 counts. Several distances L1 and L2, resulting in different 

magnification factors, are used. See table 5.7. 

Table 5.7: Distances and Magnification factors used. 

L1 (cm) L2 (cm) Magnification M 

1 84 7 1.083x 

2 61 30 1.492x 

3 31 60 2.935x 

In the fermer simulations, we assumed the souree to be shaped like a point source. But because 

we are now about to increase the magnification, it is time to change the souree representation to a 

more realistic ene. This is achieved by using the quasi Monte Carlo simuiatien procedure, 

described in paragraph 4.1.1. When the lamp is placed closer to the sou ree, the effect of the finite 

dimensions of the X-Ray souree becomes more and more important. 

For every magnification factor mentioned above, the number of point sourees involved in the 

procedure is varied. Table 5.8 gives an overview of the results. In tigure 5.8, the reconstructed axis 

temperatures for 5 separate point sourees at several magnification factors are plotted. 
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Table 5.8: Reconstructed axis temperatures at several magnification factors (with blurring width 
5J1m, dark noise between -10 and +10 counts per pixel and resolution 500 px/cm). The number of 
point sourees involved is given by s. 

1 2 3 

L1 = 84 cm l1 = 61 cm l1 = 31 cm 

l2 = 9 cm l2 = 30 cm l2 = 60 cm 

Din Do ut s=1 s=5 s = 10 s=1 s=5 s = 10 s=1 s=5 s = 10 s =25 s = 100 

4,480 6,080 3573 3434 3434 4305 4291 4286 4697 4710 4693 4689 4687 
4,485 6,085 3946 3830 3830 3972 4590 4601 4798 4749 4763 4751 4745 
4,490 6,090 4316 4180 4180 3859 4226 4244 4704 4689 4672 4668 4666 
4,495 6,095 4616 4493 4493 4118 3979 3978 4901 4772 4767 4762 4761 
4,500 6,100 4870 4790 4790 4445 3861 3861 4681 4830 4808 4797 4792 
4,505 6,105 4942 5083 5094 4758 4127 4130 4603 3961 4704 4701 
4,510 6,110 3134 3174 3173 4188 4464 4460 4884 4775 4776 4767 
4,515 6,115 3311 3172 3173 4078 4442 4464 4633 4561 4543 4530 
4,520 6,120 3723 3594 3594 4219 4205 4205 4638 4726 4703 4698 
4,525 6,125 4071 3981 3981 4545 4083 4081 4832 4776 4774 4798 
4,530 6,130 4440 4299 4299 4853 4228 4226 4652 4588 4575 4565 
4,535 6,135 4564 4638 4638 4360 4562 4559 4758 4688 4671 
4,540 6,140 4999 4884 4889 4129 4857 4867 4773 4350 4336 
4,545 6,145 2944 3202 3201 4040 4370 4374 4691 4585 4560 
4,550 6,150 2832 2762 2762 4396 4137 4134 4918 4661 4653 

Magnification: 1,083 1,492 2,935 
Standard Dev.: 737 726 728 281 258 261 103 220 123 53 83 

Ave rage: 4019 3968 3969 4284 4295 4298 4732 4628 4667 4733 4706 
Max- Min: 2167 2321 2332 994 996 1006 315 869 472 129 268 
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Figure 5.8: Reconstructed axis temperatures for different magnification factors, when the X-Ray 
souree is represented by 5 point sources. 
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5.4.2 Conclusions 

Simulations are performed with 1, 5, 10, 25 and even 100 point sou rees. The last two settings were 

only done for a magnification factor of 2.9x. These series were not completed due to the massive 

computation time it would need to finish the whole series. Simulating only one picture takes 

already several hours. Using a single point souree is in fact the old situation as was used in the 

earlier simulations in the preceding sections 5.1 - 5.3. Ad ding more than 5 to 10 sourees is not 

necessary, because the differences in average axis temperature vanish almost completely at a 

higher number of sources. Therefore, the series with 5 sourees are plotled for every magnification 

factor in figure 5.8. 

So increasing the distance between lamp and CCD camera, which is of course increasing the 

magnification of the object, leads to the same effects we experience at higher resolutions. The 

average axis temperature increases and the standard deviation decreases. The fact that the X-Ray 

souree is not shaped like a point souree has no negative influence on the results, with the 

dimensions of the TUle X-Ray sou ree. 

5.5 Constricted profiles 

The simulation software has the ability to create different temperature profiles. In the former cases, 

real parabolas were used. In this paragraph some constricted temperature profiles are 

investigated. 

5.5.1 Simulations and results 

These simulations are performed with constricted profiles instead of pure parabolas. So the 

highest temperature is still situated on the burner axis, but the parameters T1T2 and r in the 

temperature equation are va ried. Wall and axis temperatures are respectively 1 OOOK and 5000K 

again. The magnification factor is 1.083x and the X-Ray souree consists of 5 point sources. 

Different temperature profiles are simulated in burner no.4. 

Density pictures are created using the original temperature profiles; the results after reconstruction 

with the Abel inversion software are, just like the original temperature profiles, shown below in 

figure 5.9. Simulated is a burner type 4 lamp with a blurring width of 100 micron, a dark noise level 

of 10 counts and a CCD resolution of 500 px/cm. 
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y=1/ T1T2=0 y=2/T1T2=0 

--original 
-- reconstructed 

-1 -0,5 0 0,5 -1 -0,5 0 0,5 

y=4/ T1T2=0 y=7/ T1T2=0 

-1 -0,5 0 0,5 -1 -0,5 0 0,5 

y=9/ T1T2=0.3 y=9 I T1 T2=1.0 

-1 -0,5 0 0,5 -1 -0,5 0 0,5 

Figure 5.9: Original (simulated) and reconstructed radial temperature profiles for different 
profiles in burner no.4. 



-45-

5.5.2 Conclusions 

From these simulations, some conclusions could be drawn. First, for each shape of temperature 

profile, the discrepancy between the original and the reconstructed profile is different. The more a 

profile is constricted (high y, small T1 T2), the smaller the deviation from the original temperature 

profile. Secondly, it seems that using the current reconstruction software leads to an 

underestimation of the temperature over the whole burner diameter. Ta what degree the 

reconstructed temperature differs from the original temperature, is highly dependent of small 

variations in burner diameter. This effect was already observed in previous simulations. 

5.6 Conclusions after the simulations 

Several cases are calculated in de farmer paragraphs and from these simulations the most 

important conclusion is the one about the resolution of the CCD camera. lt clearly turns out that a 

higher resolution has a number of advantages compared to low resolutions. The positive effects 
act on the periodicity of the reconstructed axis temperatures, which is always present. This 

periodicity is a result of the combination of CCD pixel size and burner diameter. Higher resolutions 
result in shorter periods, higher mean axis temperatures and less deviation between axis 

temperatures. 

Because the resolution is a constant in the experimental setup, only placing the lamp further away 

from the detector can imprave the results. This was explained in paragraph 5.4. Simulating this 

situation leads to a significant impravement of the reconstructed axis temperature. This conclusion 

is confirmed by measurements on a the so-called burner 11 in sectien 7.2. 

Are constriction experiments (section 5.5) show the effect of underestimation of absolute 

temperatures in all cases at different profile shapes. However, the constriction is clearly visible 

after reconstruction. Sa the measured constrictions shown in [1] are real. 
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6 The calibration lamp 

This chapter is devoted to the so-called calibration lamp, a special high-pressure (HP) mercury 

lamp, which was constructed to enable X-Ray absorption experiments under well-defined 

conditions. Several versions have been constructed and tested in order to obtain the best suitable 

lamp that satisfies our demands that are ciarifled in section 6.1. Paragraph 6.2 contains some 

theory and expressions relevant for the design of high-pressure mercury lamps. In the sections 

6.3.1 and 6.3.2 the different development steps are explained. These steps have led to a final 

version. This final setup is presented in paragraph 6.4. 

6.1 Demands 
The intention was to construct a special high-pressure mercury lamp that would meet the following 

requirements: 

• lt had to fit in the current XRA setup. 

• lt should allow both radial and axial absorption experiments. 

• Independent control and determination of the mercury vapour pressure should be possible. 

• The dimensions should be close to those of 400W high-pressure mercury lamps. 

In this way, it should be possible to clarify the large discrepancies between the results of the X-Ray 

experimentsof Kenty (axial) and those of Zhu (radial). 

Figure 6.1 shows a conventional 400W high-pressure mercury lamp. Typical data for such a lamp 

are: an are length of 72mm, an inner burner diameter of 18mm, a mercury dose of 77mg and an 

operating pressure of 5 bar. The are tube is tilled with 30 mbar Argon as starting gas. The outer 

bulb contains an Argon-Nitragen mixture. The lamp voltage and current are, respectively, 

approximately 135V and 3A. Normally, such lamps are operated on a conventional 50Hz inductive 

ballast. 

Figure 6.1: Conventienat HP mercury lamp with pinched en ds. 

The layout of the lamp in the figure above directly shows that a conventional lamp cannot be used 

to perfarm axial XRA measurements (see a lso tigure 6.1 ). The pinched end construction makes the 

lamp useless for axial experiments. Hence, a different construction will be necessary. 

For electric operation during the XRA experiment it is intended to use a electric square wave 
ballast instead of a 50Hz ballast to avoid modulation of the temperature or pressure inside the 
lamp. 
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Ergo, the aim is: 

To develop a 400W High-pressure mercury calibration lamp that can be operated at different, wel/ 

defined, mercury pressures; suitable for radial as wel/ as axial XRA measurements. 

6.2 Theory 

The theory behind this HP mercury lamp is roughly split up in two pieces. In the next paragraph, 

some expressions dealing with the design of HP are tubes are discussed. Foliowed by a section 

where expressions for the mercury vapour pressure are given. 

6.2.1 Elenbaas 

For a high-pressure mercury vapour discharge, some empirica! relations given by Elenbaas [2] 

determine the amount of mercury for the filling of the lamp. Equation 6.1 below gives for the 

mercury pressure PHg in bar: 

3 m o.9 . po.2s 
col PHg = 

4 
d 2.1 (eq. 6.1) 

Where m is the mass of the mercury per are length in mg/cm, Pcol the electrical lamp power per unit 

are length in W/cm and d the diameter of the burner in cm. 

The relation for the electric field between the electrades is, according to Elenbaas: 
m 1112 

E = d3 / 2 

lf m is calculated from equation 6.1, one gets: 

m = (i_PH--.:::.g-::-:. d-::-:2-.1 JI0 /9 
3 p0.25 

col 

Substituting this result in the electric field equation 6.2 leads to: 
po.6s 

E = 14.5 0.14 Hg 0.16 

d ·~al 

(eq. 6.2) 

(eq. 6.3) 

(eq. 6.4) 

In the paragraphs 6.3 and 6.4, these empirica! rules are used to calculate the (minimum) mercury 

dose for the HP are tubes made for the XRA experiments. 

6.2.2 Mercury vapour pressure 

lf part of the mercury in the lamp is present in condensed form, it is obvious that the gas can be 

considered as a saturated vapour. The saturated vapour pressure of a pure substance is well 

known, because it is only dependent of the temperature. Si nee mercury condensates at the coldest 

spot, measurement of this temperature gives the partial pressure of the mercury vapour. The 

saturated vapour pressure of mercury pJ:; in Torris given by [3]: 



10 log(p;;) = 7.752 _ 52.32 · 58.7 
T 

-48-

With Tthe coldest spot temperature in Kelvin (K). 

Since 1 Torr equals 133.3·10-5 Pa, equation 6.5 becomes aftersome rewriting: 

7.752 52.32·58.7 

PI:; = 10 T ·133.3 ·10-5 

Where PHg is the vapour pressure in bar and Tthe temperature in K. 

(eq. 6.5) 

(eq. 6.6) 

In the next figure 6.2, the mercury vapour pressure p;; (in bar) is plotled as a function of the 

temperature in the interval between 300 and 750K. 
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Figure 6.2: Saturated mercury pressure (in bar) between 300 and 750K. 

Since we want to build a burner that can operate at different mercury pressure levels, a heating 

device must be developed to adjust and maintain the coldest spot temperature (Tcs). By measuring 

this Tcs. the vapour pressure can be determined from equation 6.6. 

6.3 Development of the experimental setup 
For the new burner, a cylindrical model with flat ends and an appendix is chosen. The flat ends are 

necessary to enable axial XRA measurements. See section 6.3.2. The appendix acts like a 

mercury reservoir and is heated by an oven device (paragraph 6.3.1) to control the coldest spot 

temperature and adjust the vapour pressure inside the tube. 

6.3.1 Oven 

Since one of the aims was the ability of the lamp to operate at different mercury pressure levels, it 

was necessary to control the coldest spot temperature as explained in part 6.2. To achieve this, 

the burner was equipped with an appendix, which is cooler than the discharge tube, and can be 

heated by an oven device. In this way, T es is adjustable. 

The oven consists of kanthal wire of 0.6mm diameter with PCA in between. See tigure 6.3. Kanthal 
contains Iron, Chromium and Aluminium and can be heated up to 1300 °C in air [18]. The wire is 
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carrying a direct heating current (DC) lheating and the device is placed around the appendix. The 

kanthal wire is winded bifilar to suppress the magnetic fields that are induced by the heating 

current through the oven. The entire oven is about 4.5cm long. 

Î ! 
PCA tube lheating 

Figure 6.3: Heating device. 

6.3.2 Burner development 

The burner was created according to the requirements of the high-pressure mercury are tube as 

mentioned in section 6.1. This implies a 5 bar working pressure for the mercury vapour. Depending 

on the dimensions of the burner, equation 6.3 gives the needed minimum amount of mercury per 

centimetre are length. Besides mercury, also 30 mbar of Argon is added as a starting gas. 

Several burners have been constructed and tested. Every new burner possessed some 

improvements compared to earl i er versions. See table 6.1 for the characteristics of the first version 

and those of the final burner. Here the tube and are lengths, the inner diameter and the minimum 

required mercury dose are given for each burner. 

Table 6.1: Characteristics of the first and the fin al burner. 

First 
Final 

Tube length 
(mm) 
120 
120 

Are length 
(mm) 

9.5 
11.0 

Inner diameter 
(mm) 

18.0 
15.7 

Mercury 
(mg) 

110 
93 

The burners were initially tested on conventional inductive ballasts (Cu/Fe). They have the 

advantage that the lamp power can be adjusted very easily over a large range, which is convenient 

during the early lamp tests, when e.g. the excess mercury has to be transported from the are tube 

into the appendix. For the XRA experiments, electron ie square wave ballasts will be used because 

of the constant power they deliver in time. In this way, pressure modulations are avoided. During 

the burner tests, important lamp parameters like voltage, current and power are monitored. The 

oven temperature is adjustable via a DC souree and measured at the tip of the appendix by a 

thermocouple. 

The first burner was constructed as shown in tigure 6.4. When starting the lamp, it is clear that the 

are attachment at the electrode is regrettably not at the tip of the electrode as was intended, but on 

the coil. As a consequence, the intended rotational symmetry of the cylindrical discharge is 

severely distorted. 
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The oven device is placed around the appendix and when the appendix is heated, mercury is 

evaporated and the lamp voltage increases. The vapour pressure must be increased slowly, in 

order not to extinguish the discharge. For proper temperature measurements, the appendix has to 
be a little larger than the oven. A more practical problem arises here when connecting the oven to 

its supply, since the burner tends toturn over due to the weight of the connecting wires. 

So the oven seems to workas intended. However, some of the evaporated mercury condensates 

at a spot in the back of the tube behind the electrodes. Apparently, in this situation the coldest spot 

is not located in the appendix. 

10mm 
:.+--+. 120mm 

Appendix: 4.5 cm 

1 -+1- ------------------------e--····~22mm . 'l18mm 
~~===========~:::::0 . :·:· :."" ... 

Electrades with coil 

Figure 6.4: Layout of the first burner. 

After testing the first burner, the following problems had to be solved in later versions, befare we 

were able to perfarm proper XRA experiments on the newly constructed calibration lamp: 

• The length of the appendix must be increased for coldest-spot temperature measurements 

on a well-defined position. 

• The position of the appendix has to be changed. 

• The starting point of the discharge, which is on the coil of the electrode, must be placed in 

the centre of the tube. 

• The electrades must be placed closer to the sidewalls in order to avoid cold zones and 

mercury condensation in these areas. 

The design of the final burner is shown in figure 6.5. All problems mentioned above are solved. 
The appendix is placed at the front side and is enlarged. To position the starting point of the 

discharge, which is located at the coil, in the centre of the tube, the electrades are shifted upwards. 
As a result of this change, the burner diameter had to be decreased because of the fixed (short) 
length of the available electrode feedthrough constructions. The final burner has an inner diameter 

of 15.7mm and a wall thickness of 1.65mm. lt is obvious that the amount of mercury had to be 
recalculated again, using Elenbaas' rules in equation 6.3. 

This design is almast ideal, except some little spots of condensed mercury in the corners behind 
the electrodes. The cylindrical glass-part itself remains free from mercury. To solve this last 



~-~ ~-·~~-----

- 51 -

problem, the lamp has to be isolated without obstructing the X-Ray measurements. Therefore, two 

rings of Zr02 (with a lower emission coefficient) were put on both ends of the tube. 

3 mil) : ...., Top lillhe col4'1 1he eeflllt 

120mm 

EI9C1rodea wth ooi 

3mm -w : 

Figure 6.5: Layout of the final burner, which will be used for 
XRA measurements in chapter 7. 

6.4 Final setup 
The final setup consists of the burner as depicted above in tigure 6.5. lt has to be handled 

carefully; especially the Zr02 coating is very fragile. A DC power supply unit provides the current 

needed for heating up the appendix. The oven is placed around the appendix, which is a little 

larger, so temperature measurements of the coldest spot temperature can be performed on a well

defined position by a "Fiuke 5211" thermocouple. The lamp is driven on a 400W sleetronie square 

wave ballast. 

As explained aarlier in this chapter, the lamp 

voltage, which is directly related to the amount of 

mercury in the discharge, reacts immediately on a 

change in coldest spot temperature. In this way, 

every desired mercury pressure, within the control 

range of the circuit, is available since the saturated 

vapour pressure is only dependent of the 

temperature (see 6.2.2). The practical upper limit 

of the sleetronie ballast lies at a lamp voltage of 

120V. 
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Figure 6.6: Lamp voltage as a tunetion of T es· 

Figure 6.6 shows the lamp voltage as a tunetion of the coldest spot temperature. This is a nearly 

linear relation. In the actual XRA experiments, we have worked with a coldest spot temperature of 

680K, which implies a mercury vapour pressure of 2.29 bar. 
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7 X-Ray absorption maasurement results 

In this chapter, all results of the XRA measurements are presented. Absorption measurements are 

performed on the constructed calibration lamp as well as on two other, already existing, lamps. 

See table 7.1 fortheir properties. Lamp I was investigated in the past by Zhu [1] and also part of 

the simulations in chapter 5. 

Table 7.1: Properties of the measured lamps. 

Plamp Inner diameter Wall thickness mHg msalt Salt 
Buba 

Lamp 
(W) (mm) (mm) (mg) (mg) (mm) 

70 4.5 0.8 4.46 5.0 Nai1Cel3 28 I 30 
11 35 4.5 1.0 3.0 8.0 Nai!TIIDyl3 19 I 21.5 

Calibration 400 15.7 1.65 93 

Number I as well as no. 11, do both have Si02-BuBa's and are single ended types. These lamps are 

burned vertical in the XRA setup. Radial density and temperature profiles are reconstructed by 

using the analyzation software XRayProcess (see section 3.2.3). In the next paragraph 7.1, the 

experiments and results of these absorption tests on lamp I are presented. Paragraph 7.2 contains 

the experimental XRA results of lamp no. 11. This lamp was investigated at two different positions in 

the setup: at distances of 7 and 46.5 cm from the detector, whereas lamp no. I was investigated 

only at 7 cm. 

In the previous chapter we have seen that the design of the calibration lamp was chosen in such a 

way that it enables XRA measurements in radial (vertically burning lamp) as well as axial 

(horizontally burning lamp) orientation. The radial measurements are processed as usual with 

XRayProcess, which perfarms an Abel inverse on the collected data. For analyzation of the axially 

performed measurements, a simplified version of XRayProcess was used. This tooi and the 

experiments on the calibration-lamp are described in paragraph 7.3. 

7.1 XRA on a 70W Nai/Cel3 lamp (Lamp no. I) 

Th is lamp, containing mercury and salt, was measured earlier by Zhu [1] and was investigated 

during this project to get to know and check the experimental setup. 20 Pictures have been taken 

of lamp-on and lamp-off situations at an X-Ray acceleration voltage of 25 kV and X-Ray tube 

current of 20 mA. The exposure time for each picture was 100 seconds and the lamp was 

positioned at a distance of 7 cm from the detector. The obtained lateral density pictures were 

analyzed and transformed into radial profiles by an Abel inversion in XRayProcess. 

First, the optimum value of the Tikhonov factor IJopt had to be selected. This is done by a numerical 

test. For different orders of IJ, profiles are reconstructed with XRayProcess. The test was 

performed at a position close to the lower electrode and T wau was chosen 1 OOOK. See figure 7.1 
below. 
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Figure 7.1: Determination of the Tikhonov factor. Several orders of 1.1 are plotted. 

lt turns out that selecting the proper Tikhonov parameter is very important. Large differences in 

axis temperature and profile shape arise when reconstructing the radial temperature profiles with 

different 1-1-values. In this particular situation, the curves of 1-1=1 04
, 10-5 and 10·6 are very close to 

each other and are nearly identical. Therefore we selected IJopt= 1 o-5
. 

Profiles are reconstructed at different axial positions in 

the burner; 0% corresponds to the position of the bottorn 

electrode, 1 00% to the position of the electrode at the 

top. The wall temperature as a tunetion of axial position 

in the burner is available from Zhu [1]. See tigure 7.2. 

Table 7.2 shows the wall temperatures at the measured 

lines and corresponding relative positions. 

Table 7.2: Wall temperatures for 
lamp no.l. 

z (%) Pixelline Twall (K) 

95 170 1570 
85 268 1623 
60 515 1654 
40 713 1592 
15 960 1465 
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Figure 7.2: Twau as a tunetion of axial position (from [1]). 

When using the axial positions and corresponding wall temperatures from table 7.2, radial 

temperature profiles are reconstructed at several axial positions in the burner. For the 

reconstruction process, the improved version of XRayProcess is used. 16 Abel terms and 1Jopt=10.5 

were used to achieve the best fitting-results. Radial temperature profiles are presented below in 
figure 7.3. 

7000 

6500 

6000 

5500 

g 5000 

e 45oo 
:::s 
1ii 4000 ... 
8. 3500 

i 3000 .... 
2500 

2000 

1500 

1000 
-1 .2 -0.8 -0.4 0 0.4 

Normalized radial position 

0.8 1.2 

Figure 7.3: Reconstructed radial temperature profiles for a lamp containing 
Nai/Cel3 and mercury (Lamp no. 1). The reconstruction process is performed using 
the improved version of XRayProcess with 16 Abelterms. 

The reconstructed axis temperatures from this experiment are higher than those published by Zhu 

[1] whereas the same setup, including the lamp, has been used. Zhu a lso used probably the same 
Tikhonov value as we did and therefore the differences are most likely the result of some slight 
improvements in the XRayProcess software. First, the number of Abelterms used in the fitting 
process was increased to 16. And secondly, an extra polynomial fit was added to suppress a 
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structural disturbing signal. The disturbance leads to a shift in the lateral absorption profile (lamp

off minus lamp-on signal). This extra signa! was determined by evaluating the measured 

absorption signal (labs in sectien 3.2) outside the burner. One would expect a zero contribution in 

the region outside the burner, since X-Ray is not attenuated. The disturbance is subtracted trom 
the measured absorption signal. In tigure 7.4 the reconstructed temperature profiles are given 

when using the original version of XrayProcess [1 ]. 
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Figure 7.4: Reconstructed radial temperature profiles for a lamp containing Nai/Cel3 

and mercury (Lamp no. 1). The reconstruction process is performed using the initial 
version of XRayProcess with 11 Abelterms. 

7.2 XRA on a 35W Nalni/Dy/3 lamp (Lamp no. 11) 

This experiment was done to investigate the validity of the conclusions of sectien 5.4 in practice. 

Measurements were performed at two different lamp-positions: at 7 cm from the detector and at 

46.5 cm. According to equation 4.2, this leads to magnification factors of respectively 1.083x and 
2.045x. From the simulations in sectien 5.4, we expect a significant increase in axis temperature 

when the magnification factor is almest doubled, whereas the spread between the different 

measurements will decrease. The used X-Ray parameters for the experiments are given in table 

7.3. 

Table 7.3: Settings for lamp-Il XRA measurements. 

Parameter 

Acceleration voltage 

Acceleration current 

Exposure time 

Number of pictures ON and OFF 

Value 

25 kV 

20 mA 

150 5 

20 



-56-

The radial pictures are reconstructed using XRayProcess, with again 1Jopt=10-5 and 16 Abelterms. 

Through lack of position dependent wall temperatures, we used Twa11=1300K, which is a typical 

value for the wall temperature in such a lamp, and analyzed at an axial position of 50%. The 

reconstructed radial temperature profiles are given in the figures 7.5 and 7.6. 
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Figure 7.5: Reconstructed radial temperature profiles with M=1.083x. 
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In the figures above, some reconstructed temperature profiles from arbitrary chosen combinations 

of on- and aft-profiles are plotted. The pictures contain, besides the average temperature profile, at 

least those profiles with maximum and minimum axis temperature. All 20 images were used to 

construct the average profile. 

When camparing the figures 7.5 and 7.6, it is clear that the average axis temperature increases, 

namely from 3998K to 4734K. This is a rise of 18%. Furthermore, the minimum and maximum 

reconstructed axis temperature increases and their difference, as well as the spread in the 

reconstructed profiles, declines. These are all positive effects, since axis temperatures of this type 

of lamps are believed to be around 5000K. So, it is best to position the lamp as far as possible 

trom the detector. See table 7.4 tor an overview of the results. 

Table 7.4: Reconstruction results at two different lamp-positions. 

M = 1.083x M = 2.045x 

Average Taxis 3998 K 4734 K 

Minimum Taxis 3257 K 4087 K 

Maximum Taxis 4799 K 5282 K 

Standard Deviation Taxis 570 K 359 K 

7.3 XRA experiments on the Calibration lamp 

Two different types of absorption experiments 

a. 

+18% 

+25% 

+10% 

-25% 

have been performed on the calibration lamp. 

First the absorption through the lamp has been 
measured while it was burning in vertical 

orientation as indicated in tigure 7.7a. The 
execution of this measurement is analogous to 

the measurements on the lamps no. I and 11 

-X-Ray + 
... 

(sections 7.1 and 7.2), including the data 

handling procedure with Abel inverse, which 

was carried out by XRayProcess. This 
experiment and its results will be described in 
the following section 7.3.1. Secondly the 

absorption profile of the lamp has been 
measured along the axis, while the lamp was 

placed horizontally (figure 7.7b). The collected 
data was analysed by using a simplified version 

of XRayProcess. These experiments are 
explained and discussed in section 7.3.2. 

b. 

- X-Ray 

Figure 7.7: (a) Radial and (b) Axial XRA· 
measurements. 
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During both experiments, the lamp wasdrivenon a square wave electronic ballast at 101V I 3.9A, 

resulting in a lamp power of 397W. The appendix of the lamp was heated to a constant 
temperature of 680K. According to equation 6.6 and tigure 6.2, this leads to a mercury pressure of 

2.29 bar inside the lamp. Wall temperatures are measured with a "Fiuke 5211" thermocouple. The 

tube wall has a temperature of T wall,tube= 785 K and the flat ends of the lamp have a wall 

temperature of T wau. end= 700 K. 

7 .3.1 Radial XRA measurements 

In this section, the XRA experiment invalving the vertically placed calibration lamp is described. 

Measurements are performed using the X-Ray settings trom table 7.5. The lamp was placed at 

17.6 cm trom the CCD camera, leading toa magnification factor of 1.24x. At this position the image 
of the lamp covers al most the whole area of the detector. 

Table 7.5: X-Ray settings during radial XRA 
measurements on the calibration lamp. 

Parameter Value 

Acceleration voltage 30 kV 

Acceleration current 15 mA 

Exposure time 1 0 s 

Number of pictures ON and OFF 120 

Picturesof on- and off- situations of the lamp have been taken. These pictures were analysed by 

using the XRayProcess reconstruction software. Due to the low mercury pressure inside the lamp, 

the contrast between the lateral on- and off- profiles is rather low. Therefore, a large number of 
pictures is required. In tigure 7.8, on- and off lateral profiles are plotted, as well as the subtraction 

of these signals. Here the small contrast between the two different lamp-states (on and off) is 
clearly visible. 
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Figure 7.8: Lateral on- and off profiles of two individual measurements (before averaging). The 
subtraction (blue line) is the lateral mercury density. 

To select the optimum Tikhonov factor IJopt. several orders of IJ are evaluated. Reconstructed 

profiles for these Tikhonov values are given in the figure below. The profiles are averaged over 

120 pictures and for the wall temperature is used T wall.tube= 785 K. 
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Figure 7.9: Reconstructed temperature profiles of the "calibration lamp", fitted with different 
orders of IJ. 
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From figure 7.9 it is impossible to choose the optimum Tikhonov factor. In all situations, large 

reconstruction errors arise. lt is important to investigate whether this is due to a structural error ar 

only appears in this specific case. In order to do this, the line integrated mercury absarptien signal 

is examined. See tigure 7.10. 

V -0. 
>< .. u. 

-1 -0 .8 -0.6 -0.4 0.2 0.4 0.6 0.8 

lateral position 

Figure 7.10: Line integrated Hg absorption signal. The inner and outer wall are indicated by the 
verticallines in the figure. 

In this profile, two remarkable effects are visible. First, inside the burner, in the vicinity of the inner 

burner wall, the profile is less steepas we would expect. And secondly, in the region of the burner 

wall, where a constant contribution is expected, a decreasing signal (when going outwards) is 

present. Even in the region outside the burner, where na X-Ray attenuation takes places, a signal 

is present. Apparently there is, besides the absarptien signal due to the mercury vapeur in the 

burner, a secend (position dependent) signal present in the measurement-data. 

Sa the signa I in tigure 7.10 (S101a1), which is fitted and put into the Abel inversion procedure, is in 

fa ct the sum of two signals: 

Stotal(x) = SHg(X) + Sextra(X) (eq. 7.1) 

Where SH9 is the desired signal due to the absarptien by mercury vapeur in the burner and Sextra 

the disturbing signal. When this total signal is put into the Abel inversion, this will lead to 

reconstructed profiles of the shape as those in figure 7.9. Therefore the Abel inversion itself is 

performed correctly during the data handling, however the acquisition of the input signal must be 

examined. 

Same other lamps (lamp na. I and 11) have been investigated again, particularly their lateral Hg 

density profiles, to see whether this signal Sextra was also present in these measurements. lt turns 

out that the extra signal is always present, in all maasurement data! However because of the low 
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mercury pressure in the calibration lamp (2.29 bar) compared to for example lamp no.l (19 bar), 

the effect is much larger in the calibration lamp. 

So Sextra exists due to a systematic error, which possibly originates in the dateetion system in the 

XRA setup. lt is not clear yet, due to what mechanism this error occurs exactly. The current 

dateetion system consists of a CCD camera, which is sensitive to visible light, in combination with 

a fiber opties taper that converts the X-Ray photons into visible light. Possibly crosstalk between 

different pixels of these two elements cause this disturbing signa I. 

7 .3.2 Axial XRA measurements 

The calibration lamp is positioned horizontal in 

the X-Ray setup. See tigure 7.11. Here the X

Ray souree is on the right, the detector on the 

left of the lamp. Wires of the oven device are 

fixed to prevent movement of the lamp. The 

lamp is placed 10.6 cm from the detector and 

the used X-Ray settings are given in table 7.6. 

The alignment of the lamp in the X-Ray beam 

has to be done very carefully, because the tube 

length is about 12 cm and the souree emits a 

divergent bundle. Due to this divergence and 

the large lamp dimensions, measuring only at 
one position can not be sufficient to determine Figure 7.11: Calibration lamp positioned horizontal. 

an accurate full radial density profile. 

Table 7.6: X-Ray settings for axial measurements. 

Parameter Value 

Acceleration voltage 30 kV 

Acceleration current 15 mA 

Exposure time 9 s 

Number of pictures ON and OFF 25 

Number of positions 5 
Figure 7.12: 5 Maasurement positions. 

First the lamp is aligned in position 1 (see tigure 7.12 above). The inner tubewallis directed along 

the divergent beam. The alignment was checked by determining the tube thickness on the X-Ray 

photo and campare it with its actual value. Once the lamp is aligned properly at the first position 

and measurements are finished, it is shifted in its entirety to position 2, where the next 

measurements are done. This cycle repeats until all 5 positions have been measured. Figures 7.13 

and 7.14 show on- and off-situation X-Ray-pictures of the calibration lamp in position 1. 
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The pictures were analysed by a simplified version of XRayProcess. Since a simple subtraction of 

the collected data on measurement points 1 - 5 in principle directly leads to a relative radial 

density profile, no Abel inversion is required. In fact XRayProcess was used only todetermine the 

position of the wall in both, on- and off-, situations and subtract the proper data points from each 

other. 

Figure 7.13: Calibration lamp OFF, aligned in position 1. Figure 7.14: Calibration lamp ON, aligned in position 1. 

When measuring the wall thickness in figure 7.13, a value of 134 pixels is found. This is larger than 

the 110 pixels due to the divergence of the X-Ray bundie we would expect. So at the wall, 

information is lost and in order to determine the proper value for the radial density here, we have to 

extra po late over approximately 10-25 pixels. Figure 7.15 shows the obtained relative density profile 

as a tunetion of the pixel number. lndicated are the position of the wall and the extrapolation over 
23 pixels. 
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Figure 7.15: Relative density profile obtained with the axial XRA experiment. 

From this picture, the ratio nwln0 can be determined: ~ = 
225 

= 6.08. The uncertainty in this 
n0 0.37 

result is about 6%, mainly due to the choice of the number of extrapolated pixels and noise in the 

measurement data. 

Because the calibration lamp possesses two cold zones behind the electrodes, a second 

correction is required. In figure 7.16, the different zones in the lamp are indicated (A, B, C). Since 

there exists a temperature gradient in the zones behind the electrades (A & C), a larger mercury 

density will be present here than in the are (region 8). The total density over all parts is measured, 

so the density in the are is overestimated. Therefore a correction model, which will be explained in 

detail in Appendix C, is set up. 
T aixs T wal I. end 

lo 

IJII ·-· ---•·-·-·-· I 

x, 
Figure 7.16: Zones inside the calibration lamp, with corresponding densities. 

The model assumes a linear temperature gradient in the cold zones and an estimated axis 

temperature of 5900 K (Eienbaas [2]). The distance x1 is 0.5 cm and x2 is 11 cm. The density n2 in 

the are is, according to the model (see Appendix C), given by: 
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1 

n2 = _!_ ( Taxis J ln[ Taxis ]+_!_!_ . ntot 

12 Taxis - Tend Tend 12 

(eq. 7.2) 

Where n101 is the measured density through the whole lamp (3 zones). 

For an X-Ray along the lamp axis (as indicated in tigure 7.16), it turns out that the real density in 

the are is 89.4% of the measured density. Fora ray along the tube (not shown), the effect is much 

smaller: 99.5%. Therefore the ratio nwlno becomes: ~ = 6.08 · 
0
·
995 = 6.08 ·1.113 = 6. 77. 

n0 0.894 

By using the measured wall temperature (T wau.tube= 785 K), the axis temperature can be 
determined. But before we can do this, a correction must be applied to the measured wall 

temperature, since there exists a temperature gradient over the burner wall. The inner wall 

temperature is given by: 

T(r1) = T(r2 ) +_iLln(r2 J (eq. 7.3) 
2mc r1 

With r1 the inner burner radius, r2 the outer burner radius, Q the rate of heat flow in radial direction 

and K the coefficient of thermal conductivity. In this model, heat flow is assumed to exist only in the 

radial direction. Equation 7.3 is derived in Appendix D. 

For quartz, the coefficient of thermal conductivity is 2.025 W/mK. And for the calibration lamp 
r1=7.85mm and r2=9.5mm. The temperature T(r2) on the outside of the burner wall is 785K. We 

suppose that 50% of the input power of the lamp (200 W) is converted into heat. This is heat is 

distributed over an are length of 11 cm; and therefore: Q=1818 W/m2
. When substituting these 

values in equation 7.3, the inner wall temperature becomes: T(r1)=812K. 

We use the calculated inner wall temperature to figure out the axis temperature: 

Taxis = nw · Twau = 6.77 · 812 = 5495K . When taking into account al uncertainties (noise, number of 
no 

extrapolated pixels, outer wall temperature measurement), this leads to: Taxis=(5495±500)K. This 
temperature is lower than the temperature according to Elenbaas [2] , which is 5900K, and lower 

than the result of Kenty [4] (6600K). 
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8 Conclusions & Recommendations 

Hg-density and plasma temperature profiles have been obtained trom XRA experiments tor several 
lamps. lt appears that the results are very sensitive to choices made, bath in the experimental 
procedure and in the analysis of the data. Modification of the reconstruction software XRayProcess 
(e.g. adding more Abel terms and an improved fitting procedure) have been shown to lead to more 
accurate results. In this way, axis temperatures obtained turn out to be significantly higher than 
these obtained in earlierwerk [1]. 

From the simulations it appears that a higher CCD resolution will lead to a better result. In the 
present set-up the CCD resolution is of course fixed and therefore a constant. By placing the lamp 
further away trom the detector (and closer to the source), the resolution can be improved 
artificially. This was investigated by a simuiatien and verified by a real experiment. The experiment 
fully confirms the conclusions trom the simulation. So it is best to place the lamp as far trom the 
detector as possible. Limiting factor in this case is the size of the detector area, since the whole 
image of the lamp must be recorded tor profile reconstruction. 

Also the procedure tor imaging the picture on the CCD, consisting of the fiber opties taper, must be 
investigated. Possibly it is better to replace it by an optical system that makes use of a set of 
lenses behind a phosphor sheet. Secondly, maybe it is an idea tor the future to replace the CCD 
camera itself. A camera with a higher resolution than the current 500 px/cm, will lead to 
significantly better images, particularly for lamps with a small diameter. 

A special high-pressure mercury burner was constructed to perfarm axial as well as radial 
absarptien experiments on the same lamp. Our axial XRA experiment is fairly analegeus to the 
experiment of Kenty in 1950 [4]. From this experiment we obtain an axis temperature of 
(5495±500)K in a horizontal burning lamp. This is lower then the results of Kenty, who finally 
concluded to axis temperatures of (6600±200)K. Our value is also somewhat lower than the value 
obtained by Elenbaas [2], who found 5900 K trom an optical measurement, but our result is 
considerably higher than the value of 4153K obtained by Zhu [1] trom a radial XRA experiment on 
a camparabie lamp. 
Unfortunately, our efforts to perfarm also radial XRA experiments on the same lamp failed due to a 
too low contrast between measured on- and off-profiles. As a consequence, no reliable value tor 
the axis temperature could be obtained trom this experiment. The reasen tor this is a disturbing 
signal that is clearly present in all radial XRA experiments but the impact in this case is much 
larger because of the relatively low mercury pressure in the calibration lamp. This disturbance is 
possibly the result of crosstalk between the CCD array and the taper that is placed in front of the 
camera. 

Although we can conclude that the gas temperatures at the axis of the discharge, as found in this 
study, are systematically higher than these reported by Zhu, further impravement of the accuracy 
of the XRA set-up and procedures will be required, befare final conclusions will be possible e.g. 
about ditterences between electron temperature and gas temperature. 
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9 Glossary 

9.1 List of Symbols 

y Constriction parameter 

!lp Mass absorption coefficient m2 kg-1 

p Density kg m·3 

(]'Hg Mercury cross section m2 

(]' Standard deviation 

't Optica! depth 

À Wavelength m 

Àe Mean free path of the electrons m 

K Thermal conductivity coefficient Wtm·K 

b.E Energy ditterenee J 

c Propagation speed of light 2.998108 m·s·1 

d Burner diameter (Eienbaas) cm 

e Elementary charge 1.610"19 c 
E Electric field V/cm 

h Planck's constant 6.63·10-34 J·s 

lntensity of X-Ray beam # counts 

k Boltzmann constant 1.3806503·1 o·23 J K"1 

K Absorption coefficient m·1 

lp Path length through the burner m 

L Burner length m 

L1 Distance between X-Ray souree and burner m 

L2 Distance between burner and detector m 

m* Mercury mass per are length (Eienbaas) mg/cm 

m Atom mass u 

me Electron mass 5.4858"10"4 u 

mHg Mass of 1 mercury atom 200.6 u 

M Magnification factor 

n Mercury density m·3 

n1 Mercury density in cold zone m·3 

n2 Mercury density in the discharge m·3 

ntot Total mercury density m·3 

Pcol Lamp power per are length (Eienbaas) W/cm 

PHg Mercury pressure inside the burner bar ( = 105 Pa) 

q Heat flux W/m 



-67-

Q Heat flow through a surface 

r Radial position 

r1 Inner burner diameter 

r2 Outer burner diameter 

R Burner radius 

T Local temperature 

Taxis Axis temperature 

Te Electron temperature 

Tand Temperature of end glasses 

Tg Gas temperature 

Twa\1 Temperature of outer tube wall 

T1T2 Constriction parameter 

x X-position on the CCD array 

Xburner Corresponding X-position inside the burner 

x1 Length of the cold zone 

x2 Length of the discharge zone 

y Y -position on CCD array 

9.2 List of Abbreviations 

BUBA 

CCD 

COL 

oe 
EPG 

GUl 

HID 

HP 

LTE 

MH 

PCA 

SNR 

TS 

TUle 

XRA 

XRSIM 

Abbreviation for Dutch word "Buitenballon" 

Çharge Çoupled Qevice 

Çentral Qevelopment ,bighting 

Qirect Çurrent 

glementary E.rocesses in Gas discharges 

Graphical!:!ser !nterface 

,tligh !ntensity Qischarge 

,tligh E.ressure 

,bocal Ihermodynamic gquilibrium 

Metal-.t!.alide 

E.olyçrystalline ~luminium 

§ignal to Noise Ratio 

Ihomson §cattering 

S.indhoven !:!niversity of Iechnology 

X-Ray ~bsorption 

X-Ray Simulation Software 

w 
m 

m 

m 

m 

K 

K 

K 

K 

K 

K 

K 

m 

m 

m 

m 

m 

• 
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A. WinSpec File Averager 

Description 
This program was written to be able to average SPE-files (WinSpec file format [15]) quickly. 
Especially for calculating the average of a series of background pictures, the program was of great 
use during the XRA experiments, since the WinSpec-software doesnothave such a function. The 
result can be viewed in the program itself befere it is saved to disk. 

Appearance 

Souree code 
unit averageunit; 

interface 

uses 
Windows, Messages, SysUtils, Variants, Classes, Graphics, Controls, Forms, 
Dialogs, StdCtrls, ToolWin, ComCtrls, ExtCtrls; 

const 
nr_pixels_x_max=1340 ; 
nr_pixels_y_max=1300; 
max_size_spe_file=nr_pixels_x_max*nr_pixels_y_max; 
contrastfactor=lO; 
magfac=3; 

type 
xrayimagearray = array[l .. nr_pixels_x_max,l .. nr_pixels_y_max] of single; 
xrayimagearrayspe = array[l . . max_size_spe_file] of single; 
TForml = class(TForm) 

Buttonl : TButton; 
Editl: TEdit; 
Edit2: TEdit; 
OpenFileDialog: TOpenDialog; 
Button2: TButton; 
SaveFileDialog: TSaveDialog; 
Button3 : TButton; 
Edit3: TEdit; 
StaticTextl: TStaticText; 
StaticText3: TStaticText; 
Button4: TButton; 
StaticText2: TStaticText; 
lamp_image: Timage; 
ButtonS: TButton; 
procedure ButtonlClick(Sender : TObject); 
procedure EditlChange(Sender: TObject); 



- 71 -

procedure Button2Click(Sender: TObject); 
procedure Button3Click(Sender: TObject); 
procedure Edit3Change(Sender: TObject); 
procedure Button4Click(Sender: TObject); 
procedure make_bitmaps; 
procedure Button5Click(Sender: TObject); 

private 
{ Private declarations } 

public 
{ Public declarations } 

end; 

var 
Form1: TForm1; 
num_files,start_index,stop_index,size: integer; 
filename: string; 
avg_image_spe,image_spe, sum_image, avg_image:xrayimagearrayspe; 
dummy:array[1 .. 4100] of byte; 
xdim,ydim,datatype,transferred,index:integer; 
nr_pixels_x,nr_pixels_y:integer; 
filenaam, filenaam2, savefilenaam:string; 
xrayimage:xrayimagearray; 

implementation 

{$R *.dfm} 

procedure TForm1.Button1Click(Sender: TObject); 
var i,k:integer; 
begin openfiledialog.filename:='*.spe'; 

openfiledialog.filterindex:=1; 
openfiledialog.title:='Select FIRST image (with index 1) '; 
if openfiledialog.execute then 

begin filenaam:=openfiledialog.filename; 
filenaam2:=' '; 
i:=length(filenaam); 
for k:=1 to i-5 do filenaam2:=filenaam2+filenaam[k]; 

end; 

end; 
Edit2.Text:=filenaam2; 

procedure TForm1.Edit1Change(Sender: TObject); 
begin 

stop_index:=StrToint(Edit1.Text); 
end; 

procedure TForm1.Button2Click(Sender: TObject); 
var ff:file; 

k,i,q,legen:integer; 
nummer:string; 

begin num_files:=stop_index-start_index+1; 
for legen:=1 to max_size_spe_file do 

begin 
image_spe[legen] :=0; 
sum_image[legen] :=0; 
avg_image[legen] :=0; 

end; 
for k:=start_index to stop_index do 

begin 
nummer:=IntToStr(k); 
filename:=filenaam2+nummer+' .spe'; 
assignfile(ff,filename); 

{leegmaken van de te gebruiken 
arrays} 

{uitlezen van de intensiteit} 
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reset(ff,1); 
blockread(ff,dummy,4100); {read header} 
xdim:=dummy[43]+dummy[44]*256; 
ydim:=dummy[657]+dummy[658]*256; 
datatype:=dummy[109]+dummy[110]*256; {O=floating point;1=long 

integer;2=integer;3=signed integer} 
size:=xdim*ydim*4; 
blockread(ff,image_spe,size,transferred); 
closefile(ff); 
nr_pixels_x:=xdim ; 
nr_pixels_y:=ydim; 
for i:=1 to max_size_spe_file do {optellen v/d intensiteit} 
begin 

q:=i; 
sum_image[q] : =sum_image[q]+image_spe[q]; 

end; 
end; 

for i:=1 to max_size_spe_file do {middelen v/d intensiteit} 
begin 

q:=i; 
avg_image[q] : =sum_image[q]/num_files; 

end; 
MessageBox(Handle, 'Averaging Completed . Choose Save to store the 

averaged file on diskor choose view to see the result. ', 'Ready',mb_OK); 
end; 

procedure TForm1 . Button3Click(Sender: TObject); 
var ff: file; 
begin 
savefiledialog.filename : =filenaam2+'_AVERAGE_'+IntToStr(start_index)+'to'+Int 
ToStr(stop_index )+' . spe'; 

savefiledialog.filterindex :=1; 
savefiledialog.title:='Save averaged image'; 
if savefiledialog.execute then 

end; 

begin 
savefilenaam:=savefiledialog.filename; 
assignfile(ff,savefilenaam); 
rewrite(ff,1); 
blockwrite(ff , dummy,4100); 
blockwrite(ff , avg_image,size,transferred) ; 
closefile(ff); 

end; 

procedure TForm1.Edit3Change(Sender: TObject); 
begin 

start_index:=StrToint(Edit3.Text); 
end; 

procedure TForm1.Button4Click(Sender: TObject); 
var xxx,yyy: integer; 
begin 

end; 

for xxx : =1 to xdim do for yyy:=1 to ydim do 
begin index:={yyy-1)*xdim+xxx; 

xrayimage[xxx,yyy] : =avg_image[index]; 
end; 

make_bitmaps ; 

procedure Tform1.make bitmaps; 
const base=$00010101;-
var i,j : integer; 

value_real:extended; 
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begin min:=le35;max:=-le35; 

end; 

for i:=l to nr_pixels_x do 
begin for j:=l to nr_pixels_y do 

end; 

begin if xrayimage[i,j]>max then max:=xrayimage[i,j]; 
if xrayimage[i,j]<min then min:=xrayimage[i,j]; 

end; 

lamp_image.Top:=130; 
lamp image.Left:=30; 
height:=nr_pixels_y div magfac+180; 
lamp_image.Width:=nr_pixels_x div magfac; 
lamp_image.Height:=nr_pixels_y div magfac; 
lamp_image.Visible:=true; 
with lamp_image.Canvas do 

for i:=l to nr_pixels_x div magfac do 
begin for j:=l to nr_pixels_y div magfac do 

begin 
value_real:=255.0*xrayimage[i*magfac,j*magfac]/max*contrastfactor; 
if value_real<O then value_real:=O; 
if value real>255.0 then value real:=255.0; 
value:=round(value_real)*base;-
pixels[i,j] :=value; 
end; 

end; 
repaint; 

procedure TForml.Button5Click(Sender: TObject); 
var f:file; 

xxx,yyy:integer; 
begin 

assignfile(f,filenaam); 
reset(f,l); 
blockread(f,dummy,4100); {read header} 
xdim:=dummy[43]+dummy[44]*256; 
ydim:=dummy[657]+dummy[658]*256; 
datatype:=dummy[109]+dummy[110]*256; {O=floating point;l=long 

integer;2=integer;3=signed integer} 
size:=xdim*ydim*4; 
blockread(f,image_spe,size,transferred); 
closefile(f); 

end; 

end. 

nr_pixels_x:=xdim; 
nr_pixels_y:=ydim; 
for xxx:=l to xdim do for yyy:=l to ydim do 

begin index:=(yyy-l)*xdim+xxx; 
xrayimage[xxx,yyy] :=image_spe[index]; 

end; 
make_bitmaps; 
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B.XRSIM 

Description 

XRSIM was originally built during this project in order to simulate X-Ray Absorption measurements. 

Several important parameters are adjustable from a graphical user interface, which is shown 

below. The program was extensively described in chapter 4. 

Appearance 

Souree code 
unit Xraysimmeasunit; 

interface 

uses 

Windows, Messages, SysUtils, Variants, Classes, Graphics, Controls, Forms, 

Dialogs, StdCtrls, ExtCtrls; 

type 

TForml = class(TForm) 

Simulate bended: TButton; 

Editl: TEdit; 

Labell: TLabel; 

Edit2: TEdit; 

Label2: TLabel; 

Label3: TLabel; 

ComboBoxl: TComboBox; 

Edit3: TEdit; 

Label4: TLabel; 

Edit4: TEdit; 

LabelS: TLabel; 

Label7: TLabel; 



EditS: TEdit; 

LabelS: TLabel; 

Edit6: TEdi t; 

Label9: TLabel; 

LabellO: TLabel; 

Edit?: TEdit; 

Edit8: TEdit; 

Labelll: TLabel; 

Bevel3: TBevel; 

Edit9: TEdit; 

Bevell: TBevel; 

StaticTextl: TStaticText; 

StaticText2: TStaticText; 

Simulate_straight: TButton; 

StaticText3: TStaticText; 

Imagel: Timage; 

Image2: Timage; 

Bevel2: TBevel; 

StaticText4: TStaticText; 

StaticTextS: TStaticText; 

StaticText6: TStaticText; 

EditlO: TEdit; 

Label6: TLabel; 

Labe 112 : TLabe 1 ; 

Edit 11 : TE dit ; 

Edit12: TEdit; 

Labell3: TLabel; 

Labell4: TLabel; 

Editl3: TEdit; 

StaticText7: TStaticText; 

StaticText8: TStaticText; 

Bevel?: TBevel; 

StaticTextlO: TStaticText; 

LabellS: TLabel; 

Editl4: TEdit; 

Labell6: TLabel; 

EditlS: TEdit; 

CheckBoxl: TCheckBox; 

Editl6: TEdit; 

Editl7: TEdit; 

Labell7: TLabel; 

Labell8: TLabel; 

Bevel6: TBevel; 

StaticText9: TStaticText; 

Labell9: TLabel; 

Label20: TLabel; 

Editl8: TEdit; 

Editl9: TEdit; 

Bevel4: TBevel; 
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procedure save_simimage(filename:string;onoff:boolean); 
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procedure Simulate_bendedClick(Sender: TObject); 

procedure FormCreate(Sender: TObject); 

procedure FormClose(Sender: TObject; var Action: TCloseAction); 

procedure Edit3Change(Sender: TObject); 

procedure Edit5Change(Sender: TObject); 

procedure Edit7Change(Sender: TObject); 

procedure Simulate_straightClick(Sender: TObject); 

procedure CheckBox1Click(Sender: TObject); 

procedure Edit16Change(Sender: TObject); 

private 

{ Private declarations } 

public 

{ Public declarations } 

end; 

const d1=84;{distance X-ray souree to lamp ONLY BENDED ARC!!} 

d2=7; {distance lamp to CCD camera ONLY BENDED ARC!!} 

profile_size=100; 

datadir='c:\data\Xraydata\'; 

nr_pixels_x_max=1340; 

nr_pixels_y_max=1300; 

mu_Si02=3.59e-1;{mA2/kg} 

mu Al203=3.12e-1;{mA2/kg} 

k_Boltzmann=1.38e-23; {J/K} 

cross_section_Hg=4.0e-24; {mA2} 

rho_Si02=2.2e3;{kg/mA3} 

rho Al203=3.97e3;{kg/mA3} 

max_size_spe_file=nr_pixels_x_max*nr_pixels_y_max; 

intensity0=60000; 

P_mercury=10e5;{Pa} 

lamp_on=true; 

lamp_off=false; 

type real=double; 

var 

xrayimagearray = array[1 .. nr_pixels_x_max,1 .. nr_pixels_y_max] of single; 

xrayimagearrayspe = array[1 .. max_size_spe_file] of single; 

Form1: TForm1; 

gliy,random_key: integer; 

glir: ARRAY [1 .. 97] OF integer; 

dummy:array[1 .. 4100] of byte; 

xpoint,xparallel,intensity:array[1 .. 50000] of extended; 

image_spe:xrayimagearrayspe; 

xdim1,ydim1,xdim2,ydim2:byte; 

xdim,ydim,datatype,transferred,index,xxx,yyy:integer; 

size,nr_pixels_x,nr_pixels_y:integer; 

darknoise_on,darknoise_off,xrayimage_on,xrayimage_off:xrayimagearray; 
blur_width,darknoise_level,P_Hg,mu_ob,mu_buba,rho_ob,rho_buba:double; 

log:textfile; 
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beam_profile:array[-100 .. 100] of double; 

sum_profile,average_attenuation: double; 

delta_parallel,delta_point:double; 

pixel_width:double; 

breedte:integer; 

positie,lijnen:string; 

center_line : integer; 

dy,deltamax : double; 

Din,Dout,D_buba_in,D_buba out : double; 

T_wall,T_axis:double; 

plotten:boolean; 

gamma,T1T2:double; 

L1,L2:double; 

implementation 

uses plotunit; 

{$R *.dfm} 

FUNCTION ran2(VAR idum: integer): real ; 

CON ST 

m=714025 ; 

ia=1366; 

ic=150889; 

rm=1.400512e-6; 

VAR 

j : integer; 

BEGIN 

(* 1.0/m *) 

IF (idum < 0) THEN BEGIN 

idum : = (ic-idum) MOD m; 

FOR j := 1 TO 97 DO BEGIN 

idum := (ia*idum+ic) MOD m; 

glir [j] : = idum 

END; 

idum . - (ia*idum+ic) MOD m; 

gliy .- idum 

END; 

j : = 1 + (97*gliy) DIV m; 

IF ((j > 97) OR (j < 1)) THEN BEGIN 

writeln(log, 'pause in routine RAN2') ;flush(log); 

END; 
gliy .- glir[j); 

ran2 .- gliy*rm; 

idum .- (ia*idum+ic) MOD m; 

glir [j] . - idum 

END; 

function random : double; {generates rondom number inbetween -1 and 1} 

begin random : =ran2(random_key)*2-1; 
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end; 

function extension(filename:string) :string; 

var len,i1,i2,i:integer; 

ext:string; 

begin len:=length(filename); 

i:=len;i2:=len; 

end; 

while filename[i]<> 1
• 

1 do dec(i); 

i1:=i+1; 

ext: = 1 1
; 

for i:=i1 to i2 do ext:=ext+filename[i]; 

ext:=lowercase(ext); 

extension:=ext; 

procedure Tform1.save_simimage(filename:string;onoff:boolean); 

var ff:file; 

i:integer; 

ext:string; 

begin ext:=extension(filename); 

if ext= 1 spe 1 then 

begin assignfile(ff,datadir+filename); 

rewrite(ff,1); 

for i:=1 to 4100 do dummy[i] :=0; 

xdim:=nr_pixels_x; 

ydim:=nr_pixels_y; 

datatype:=O;{O=floating point;1=long integer;2=integer;3=signed 

integer} 

end; 

end; 

dummy[44] :=xdim div 256; 

dummy[43] :=xdim mod 256; 

dummy[658] :=ydim div 256; 

dummy[657] :=ydim mod 256; 

dummy[110] :=datatype div 110; 

dummy[109] :=datatype mod 110; 

size:=xdim*ydim*4; 

for xxx:=1 to xdim do for yyy:=1 to ydim do 

begin index:=(yyy-1)*xdim+xxx; 

end; 

if onoff then image_spe[index] :=xrayimage_on[xxx,yyy] 

else image_spe[index] :=xrayimage_off[xxx,yyy]; 

blockwrite(ff,dummy,4100); {write header} 

blockwrite(ff,image_spe,size,transferred); 

closefile(ff); 

procedure correct_point_to_parallel; 

var i:integer; 

x:real; 



begin for i:=1 to nr_pixels_x do 

begin x:=xpoint[i]; 
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xparallel[i] :=d1*x/sqrt(sqr(d1+d2)+sqr(x)); 

writeln(log 1 
1 

1 
1 Xparallel [i]); 

end; 

end; 

point-parallel 

function point_parallel(L1 1 L2 1 X:double) :double; 

begin 

point_parallel:=L1*x/sqrt(sqr(L1+L2)+sqr(x)); 

end; 

function path(r1 1 r2 1 r:double) :double; 

begin r:=abs(r); 

I 1 i :51 I 1 
1 Xpoint[i] I 

1 

if r<r1 then path:=2*(sqrt(sqr(r2)-sqr(r))-sqrt(sqr(r1)-sqr{r))) 

else if r<r2 then path:=2*(sqrt(sqr(r2)-sqr(r))) 

else path:=O; 

end; 

function delta_x(row 1 deltamax:double) :double; 

var L 1 y:double; 

i:integer; 

Begin L:=pixel_width*nr_pixels_y; 

y:=row*pixel_width; 

dy:=4*deltamax*(y/L)*(1-(y/L)); 

end; 

function temp(r 1 dy 1 radius 1 T1T2 1 gamma:double) :double; 

var t:double; 

begin if abs(r)>=radius then t:=T_wall 

else if r<=dy then t:=T_wall+(T_axis-T_wall)*(T1T2/(T1T2+1))*(1-sqr({r

dy)/(radius+dy)))+(T_axis-T_wall)*(1/(T1T2+1))*exp(gamma*LN{1-sqr((r

dy)/(radius+dy)))) 

else if r>=dy then t:=T_wall+(T_axis-T_wall)*(T1T2/(T1T2+1))*(1-sqr((r

dy)/(radius-dy)))+(T_axis-T_wall)*(1/(T1T2+1))*exp(gamma*LN(1-sqr((r

dy)/(radius-dy)))); 

temp:=t; 

end; 

function kl_Hg(x 1 radius:double) :double; 

var delta_X 1 SUffi 1 XpOS 1 rho:double; 

i:integer; 

begin x:=abs(x); 

delta_x:=(radius-x)/1000; 

sum:=O; 

if x<radius then 

begin for i:=1 to 1000 do 

begin xpos:=x+(i-0.5)*delta_x; 

rho:=P_Hg/k_Boltzmann/temp(xpos 1 dy 1 radius 1 T1T2 1 gamma); 



end; 
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sum:=sum+rho*xpos/sqrt(sqr(xpos)-sqr(x))*delta_x; 

end; 

end; 

kl_Hg:=sum*2*cross_section_Hg; 

procedure fill dark_noise; 

var i,j:integer; 

begin for i:=l to nr_pixels_x do 

for j:=l to nr_pixels_y do 

end; 

begin darknoise_on[i,j] :=round(random*darknoise_level)*l.O; 

darknoise_off[i,j] :=round(random*darknoise_level)*l.O; 

end; 

procedure TForml.Simulate_bendedClick(Sender: TObject); 

var i,j,ii,row,start,code,eind,position:integer; 

r,rl,r2,r3,r4,kll,kl2,kl,center_line2:double; 

perc:extended; 

s:string; 

begin gamma:=l; 

T1T2:=0; 

nr_pixels_x:=nr_pixels_x_max; 

nr_pixels_y:=nr_pixels_y_max; 

fill_dark_noise; 

val(Editl.Text,darknoise_level,code); 

val(Edit2.Text,blur_width,code); 

blur_width:=blur_width*le-6;{microns to m} 

val(Edit3.Text,pixel_width,code); 

pixel_width:=pixel_width*le-6; 

val(Edit5.Text,breedte,code); 

val(Edit7.Text,position,code); 

center_line2:=(position/100)*nr_pixels_y; 

center_line:=Round(center_line2); 

val(Edit9.Text,deltamax,code); 

deltamax:=deltamax/1000; 

val(EditlO.Text,Din,code); 

rl:=Din/2000; 

val(Editll.Text,Dout,code); 

r2:=Dout/2000; 

val(Edit12.Text,D_buba_in,code); 

r3:=D_buba_in/2000; 

val(Edit13.Text,D_buba_out,code); 

r4:=D_buba_out/2000; 

mu_ob:=mu_Al203; 

mu_buba:=mu_Si02; 

rho_ob:=rho_Al203; 

rho_buba:=rho_Si02; 
val(Editl4.Text,T_wall,code); 

val(Editl5.Text,T_axis,code); 
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for i: =1 to nr_pixels_x 

2)*pixel_width; 

correct_point_to_parallel; 

for j:=1 to 2 do 

do xpoint[i] :=(i-nr_pixels_x 

begin if j=1 then P_Hg:=P_mercury {lamp on} 

else P_Hg:=O; {lamp off} 

for i:=1 to nr_pixels_x do 

begin 

{bloombalkje maken boven} 

for row:=1 to (center_line-(breedte div 2)) do 

div 

begin if j=1 then xrayimage_on[i,row] :=darknoise_on[i,row] 

else xrayimage_off[i,row] :=darknoise_off[i,row]; 

end; 

end; 

{bloombalkje maken onder} 

for row:=(center_line+(breedte div 2)) to nr_pixels_y do 

begin if j=1 then xrayimage_on[i,row] :=darknoise_on[i,row] 

else xrayimage_off[i,row] :=darknoise_off[i,row]; 

end; 

start:=center line-(breedte div 2); 

eind:=center_line+(breedte div 2); 

for row:=start to eind do 

begin perc:=((row-start)/(breedte)); 

str(perc*100:4:0,s); 

begin if j=1 then caption:='on profile ready '+s+' %'; 
if j=2 then caption:='off profile ready '+S+' %'; 

end; 

delta_x(row,deltamax); 

for i:=1 to nr_pixels_x do 

begin 

if (i<10) or (i>nr_pixels_x-10) then 

begin delta_parallel:=1;delta_point:=1; 

end 

el se 

begin delta_parallel:=(xparallel[i+1]-xparallel[i-1])/2; 

delta_point:=(xpoint[i+1]-xpoint[i-1])/2; 

end; 

if combobox1.itemindex=O 

then 

begin for ii:=-profile_size div 2 to profile_size div 2 do 

beam_profile[ii] :=1; {block profile} 

end 

el se 

begin for ii:=-profile_size div 2 to profile_size div 2 do 

beam_profile[ii] :=exp(-sqr(ii/profile_size)*18); {Gauss profile} 

end; 

average_attenuation:=O; 

sum_profile:=O; 

for ii:=-profile_size div 2 to profile_size div 2 do 



-82-

begin 

r:=xparallel[i]+blur_width*delta_parallel/delta_point/profile_size*ii; 

kl1:=path(r1,r2,r)*mu_ob*rho_ob+path(r3,r4,r)*mu_buba*rho_buba; 

kl2:=kl_Hg(r,r1); 

kl: =kll+kl2 i 

average_attenuation:=average_attenuation+exp(-

kl)*beam_profile[ii]; 

sum_profile:=sum_profile+beam_profile[ii]; 

end; 

average_attenuation:=average_attenuation/sum_profile; 

intensity[i] :=intensityO*average_attenuation; 

with form2 do 

begin xarray1[i] :=r; 

if P_Hg>O then yarray1[i] :=kl2; 

end; 

writeln(log,i:4, 1 1 ,intensity[i] :14:6); 

{data} 

if j=1 
xrayimage_on[i,row] :=darknoise_on[i,row]+intensity[i] 

el se 

xrayimage_off[i,row] :=darknoise_off[i,row]+intensity[i]; 

end; 

end; 

end; 

if j=1 then save_simimage( 1 simlamp_on1.spe 1 ,lamp_on) 

else save_simimage( 1 simlamp_off1.spe 1 ,lamp_off); 

end; 

caption:= 1 Finished 1
; 

if plotten=true then form2.plotje; 

procedure TForm1.FormCreate(Sender: TObject); 

var i:integer; 

begin left:=1;top:=1; 
assignfile(log, 1 log.txt 1

); 

rewrite (log); 

random_key:=-1; 

ran2(random_key); 

end; 

procedure TForm1.FormClose(Sender: TObject; var Action: TCloseAction); 

begin closefile(log); 

end; 

procedure TForm1.Edit3Change(Sender: TObject); 

var resolutie,s1:string; 
pixe1_widthl:double; 

res:double; 

then 
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code:integer; 

begin 

end; 

sl:=edit3.Text; 

val(sl,pixel_width,code); 

pixel_widthl:=pixel_width*le-6; 

if pixel_widthl<>O then res:=le-2/pixel_widthl; 

Str(res:3:0,resolutie); 

Edit4.Text : ='resolution: '+resolutie+' px/cm'; 

procedure TForml.EditSChange(Sender: TObject); 

var sl,lijnen : string; 

lines,code:integer; 

begin 

end; 

sl:=editS.Text; 

val(sl,lines,code); 

Str(lines,lijnen); 

Edit8.Text : =lijnen; 

breedte:=lines; 

procedure TForml.Edit7Change(Sender: TObject); 

var sl,positie:string; 

position,code:integer; 

center_line2:double; 

begin 

end; 

nr_pixels_y:=nr_pixels_y_max; 

sl:=Edit7.Text; 

val(sl,position,code); 

center_line2:=(position I lOO)*nr_pixels_y; 

center_line:=Round(center_line2); 

Str(center_line,positie); 

Edit6.Text:=positie; 

procedure TForml . Simulate_straightClick(Sender: TObject); 

var i,j,k,ii,loop,nummer,row,code,trap:integer; 

fff:textfile; 

r,rl,r2,r3,r4,kll,kl2,kl,vergelijk,increment:double; 

s,nr,captiontekst,totaal,diameters : string; 

source,nr_sources:integer; 

distance:double; 

begin nr_sources:=S; 

val(Editl8.Text,gamma,code); 

val(Editl9.Text,TlT2,code); 

val(Editl.Text,darknoise_level,code); 

val(Edit2.Text,blur_width,code); 

blur_width:=blur_width*le-6;{microns to m} 

val(Edit3 . Text,pixel_width,code); 

pixel_width:=pixel_width*le-6; 
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nr_pixels_x:=nr_pixels_x_max; 

nr_pixels_y:=nr_pixels_y_max; 
fill_dark_noise; 

val(Editl2.Text 1 D_buba_in 1 code); 

r3 : =D_buba_in/2000; 

val(Editl3.Text 1 D_buba_out 1 COde); 

r4:=D_buba_out/2000; 

mu_ob:=mu_Al203; 

mu_buba : =mu_Si02; 

rho_ob:=rho_Al203; 
rho_buba:=rho_Si02; 
val(Editl4.Text 1 T_wall 1 code) ; 

val(Editl5.Text 1 T_axis 1 code); 

val(Editl6.Text 1 nummer 1 code); {aantal te maken plaatjes} 

val(Editl7.Text 1 increment 1 code); {stapgrootte D in micron} 

increment:=increment*O.OOl; {omzetten stapgrootte naar mm} 
diameters:= 1 c : \data\xraydata\diameters . txt 1

; 

Assignfile(fff 1 diameters); 

Rewrite (fff); 

Writeln(fff 1 
1 InnerD 1 

1 
1 1

1 
1 0uterD 1

); 

for loop:=l to nummer do 

BEGIN 
nr:=IntToStr(loop); 

totaal:=IntToStr(nummer); 
val(EditlO.Text 1 Din 1 code); 

val(Editll.Text 1 Dout 1 COde); 

Din:=Din+(loop-l)*increment; 

rl:=Din/2000; 
Dout:=Dout+(loop-l)*increment; 

r2:=Dout/2000; 
Writeln(fff 1 Din:0:4 1 

1 1 
1 Dout:0 : 4); 

captiontekst: = 1 
[ 

1 +nr+ 1 I 1 +totaal+ 1
] 

1 
; 

for i:=l to nr_pixels_x do xpoint[i] :=(i-nr_pixels_x div 

2)*pixel_width; 

{correct_point_to_parallel; 
if comboboxl.itemindex=O 

then 
begin 

for ii:=-profile_size div 
beam_profile[ii] :=1; {block profile} 

end 
el se 
begin 

2 to profile_size div 

for ii:=-profile_size div 2 to profile_size div 
beam_profile[ii] :=exp(-sqr(ii/profile_size)*l8); {Gauss profile} 

end; 

for j:=l to 2 do 
begin if j=l then P_Hg:=P_mercury {lamp on} 

else P_Hg:=O; {lamp off} 
for i:=l to nr_pixels_x {div 2} do 

2 do 

2 do 
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begin average_attenuation:=O; 

sum_profile:=O; 

str(i/nr_pixels_x*100:4:0,s); 

{if i mod 10=0 then} 

begin if j=1 then caption:=captiontekst+ 1 on profile 

ready 1 +S+ 1 %1
; 

if j=2 then caption:=captiontekst+ 1 off profile 

ready 1 +S+ 1 %1
; 

end; 

for source:=1 to nr sourees do 

begin 

if nr sources=1 then distance:=O 

else distance:=0 . 8/(nr_sources-1); 

puntbronnen in cm; totale lengte bron=8mm} 

{afstand tussen 

L1:=84+distance*(source-1); {afstand souree-lamp in cm} 

L2:=7; {afstand lamp - CCD in cm} 
if (i<10) or (i>nr_pixels_x-10) then 

begin delta_parallel:=1;delta_point:=1; 

end 

el se 

begin delta_parallel:=(point_parallel(L1,L2,xpoint[i+1])-

point_parallel(L1,L2,xpoint[i-1] ))/2; 

delta_point:=(xpoint[i+1]-xpoint[i-1])/2; 

end; 
for ii:=-profile_size div 2 to profile_size div 2 do 

begin 
r:=point_parallel(L1,L2,xpoint[i])+blur_width*delta_parallel/delta_point/prof 

ile_size*ii; 

kl1:=path(r1,r2,r)*mu_ob*rho_ob+path(r3,r4,r)*mu_buba*rho_buba; 

kl2:=kl_Hg(r,r1); 

kl)*beam_profile[ii]; 

end; 

kl:=kll+kl2; 

average_attenuation:=average_attenuation+exp(-

sum_profile:=sum_profile+beam_profile[ii]; 

end; 
average_attenuation:=average_attenuation/sum_profile; 

intensity[i] :=Round(intensityO*average_attenuation); 

with form2 do 

begin xarray1[i] :=r; 
xarray1[nr_pixels_x+1-i] :=r; 

if P_Hg>O then 

end; 

begin yarray1[i] :=kl2; 
yarray1[nr_pixels_x+1-i] :=kl2; 

end; 

writeln(log,i:4, 1 1 ,intensity[i] :14:6); 

{bloombalkje maken boven} 
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for row:=l to 99 do 

begin if j=l then 

end; 

{data} 

begin xrayimage_on[i,row] :=darknoise_on[i,row]; 

end 

el se 

begin xrayimage_off[i,row] :=darknoise_off[i,row]; 

end; 

for row:=lOO to nr_pixels_y-100 do 

begin if j=l then 

begin 

xrayimage_on[i,row] :=darknoise_on[i,row]+intensity[i]; 

end 

el se 

begin 

xrayimage_off[i,row] :=darknoise_off[i,row]+intensity[i]; 

end; 

end; 

end; 

end; 

{bloombalkje maken boven} 

for row:=nr_pixels_y-99 to nr_pixels_y do 

begin if j=l then 

end; 

begin xrayimage_on[i,row] :=darknoise_on[i,row]; 

end 

el se 

begin xrayimage_off[i,row] :=darknoise_off[i,row]; 

end; 

if j=l then save_simimage('simlamp_on'+nr+' .spe',lamp_on) 

else save_simimage('simlamp_off'+nr+' .spe',lamp_off); 

end; 

caption:='Finished'; 

if plotten=true then form2.plotje; 

END; 

CloseFile (fff); 

procedure TForml.CheckBoxlClick(Sender: TObject); 

begin 

plotten:=true; 

end; 

procedure TForml.Edit16Change(Sender: TObject); 

begin 

if Edit16.Text<>'l' then 

Begin 

Edit17.color:=clWindow; 

Edit17.Read0nly:=False; 

Editl7.Text:='5'; 



Editl7.Cursor:=crDefault; 

End; 

if Editl6.Text='l' then 

Begin 
Editl7.Color:=cl3DLight; 

Editl7 . Read0nly:=True; 

Editl7.Text:=' '; 

Editl7.Cursor:=crArrow; 

End; 

end; 

end . 
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C. Correction model for cold zones in the calibration lamp 

In an axial XRA experiment on the so-called calibration lamp, X-Ray beams will be attenuated by 

the mercury particles. Due to a difference in temperature, the mercury density will be different in 
parts of the lamp. Behind the electrodes, there exists a temperature gradient to the wall, which 

means the mercury density in these areas is larger than in the are. Since we are measuring 

through the whole lamp (are and 2 cold zones) and we want to know only the attenuation due to 

particles in the discharge, we have to apply a correction on the measured data. When analyzing 

the measured data without correction, the estimated mercury density is too high. Figure C.1 gives 

an schematic representation of the different zones in the lamp. 

Taixs Tend 

lo 

---•·-·- ·- · I 

x? 
Figure C.1: Schematic overview of the different zones in the calibration lamp. lndicated are the cold 
zones in the end parts (A, C), the discharge zone (B) and the corresponding densities n1 and n2. 
The temperature on the end glasses is Tend• the axis temperature in the discharge Taxis· 

The distances X 1 and X2, and the temperatures on the cylinder wall Twall and on the end glassas 

Tend must be measured. The axis temperature is taken 5900 K, according to Elanbaas [2]. In the 

cold zones (parts A and C), there exists a temperature gradient, varying from Taxis to Tend· In this 
model, we assume this gradient to be linearas indicated in tigure C.2 below. 

A B c 

12 
z (cm) 

Figure C.2: Temperature on the z-axis of the burner. In the discharge, the axis 
temperature is assumed constant. The gradients are represented by a linear 
decrease of the temperature in the cold parts of the lamp. 

The temperature T(x) in the cold parts increases linear with the distance x and can be written as: 
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x 
T(x) = Tend +(Taxis- Tend )-=a+ bx 

XI 

The density is related to the temperature according to the ideal gas law: 

n = _!!_ 
kT 

So the mean density in the cold zone with length Xt is given by: 

n= P _!_} 1 dx=L[In(a+bx
1
)-ln(a)]=Lln(a+bx1 ) 

k x1 0 a+bx kx1b kx1b a 

(eq. C.1) 

(eq. C.2) 

(eq. C.3) 

From equation C.1 it fellows that b = (Taxis - Tend) and a = Tend , therefore the expression for the 
XI 

mean density in the cold zone becomes: 

T . [T.] n = n
2 

axlS In ~ 
Taxis - Tend Tend 

(eq. C.4) 

An X-Ray along the lamp axis will be attenuated by the present mercury. A ray experiences a total 

mercury density of ntot: 

2X1 X 2 n = n + n2 tot 2XI +Xz I 2XI +Xz (eq. C.5) 

Where X 1 and X2 are respectively the lengths of the cold parts and the part where the discharge 

takes place. 

In the case of the cal i bration lamp, X1=0.Scm and X2=11.0cm. Equation C.5 red u ces to: 

1 11 
ntot = - nl +-nz (eq. C.6) 

12 12 

Taking for n1 the mean density in the cold zones and combining the relations C.4 and C.6, leads to 

an expression for the mercury density in the discharge as a tunetion of the parameters n101, Taxis 

and Tend: 
1 

n
2 

= ( J [ ] · ntot 1 Taxis 1 Taxis 11 - n -- +-
12 Taxis - Tend Tend 12 

(eq. C.7) 
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D. Correction for wall temperature 

Wall temperatures are measured at the outer surface of the tube. This model describes how the 

outer temperature is related to the inner wall temperature. Assume a tube of length L, with inner 

radius r1 and outer radius r2. Heat is generated only in the area O<r<r1, so not in the wall itself, and 

flows only in the radial direction. There is a temperature gradient that can be expressed in cylinder 

coordinates. The total expression for gradient T reduces to: 

-- .. ar 
VT=e,

iJr 
(eq. 0.1) 

Take a cylindrical surface of radius r, with r1 < r < r2, which we call C,. On this surface, T(r) is 

constant and the heat flux vector with a magnitude q(r) is given by: 

q =er. q(r) (eq. 0.2) 

Because the area of C, is 2rrr, the constant heat flow normal to the tube is given by: 

Q = 2K · r · q(r) (eq. 0.3) 

With Q in Watts and q(r) in W/m. The heat flux is then given by: 

q(r) = _fL_ 
2K·r 

(eq. 0.4) 

The heat conduction law reads: 
-+ 

q=-KVT , (eq. 0.5) 

With K the coefficient of thermal conductivity in W/mK Substitution of equations 0.1 and 0.4 in this 

law, leadstoa differential equation: 

_ j dT)=JL 
/)\ dr 2w 

Th is differential equation can be solved by separation of variables: 

T(r) = _ _g_ln(r)+C 
2mc 

With C an arbitrary constant. 

(eq. 0.6) 

(eq. 0.7) 

The difference between T(r1) and T(r2) can be calculated now using equation 0.7, if the coefficient 

of thermal conductivity, the radii and the rate of heat flow Q are known. Note that due to the 

second law of thermodynamics T(r1) > T(r2). 

T(r1)- T(r2 ) = 
2
Q ln(!i_J (eq. 0.8) 
KK r1 


